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ABSTRACT
The mechanism of stress corrosion cracking in pure 
iron base alloys was studied in terms of the effect of the 
carbide forming nature of a series of addition elements 
upon the location within the material of the interstitial 
elements contained in the alloys. The iron used was of 
very high purity, in order that the variables to be 
assessed were uninfluenced by extraneous composition 
effects. Susceptibility to s.c.-c. in an aqueous calcium/ 
ammonium nitrate solution at 110°C was found to be 
dependent upon the carbide forming strength of the 
addition element. The transitional s.c.c. behaviour of 
an Fe-I/Mn alloy was used to assess the activation 
energies involved in obtaining immune and susceptible 
behaviour,
A study was made of the nature of time-to-failure 
values, and it was found that immune and susceptible 
materials behaved similarly potentiometrically, with 
susceptible materials failing at an early point in the 
established pattern.
A theory of the mechanism of failure has been 
suggested that involves electrochemical attack, an 
adsorption process and brittle fracture. The susceptible 
behaviour of alloys was correlated with the restricted 
slip in the grain boundary regions brought about by the 
presence there of interstitial elements. Suggestions 
have been made for further research.
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1. . IHTROSUO TI Oil
It is known that the presence of stress in a 
metal or alloy can accelerate its corrosion rate, although 
its effect is usually small and often over-shadowed hy 
other factors, The energy stored in distorted metal 
makes such metal anodic to stress-free metal, and, as a 
result, galvanic effects may cause rapid corrosion of the
( y\ p y h
distorted areas. Attempts^ ’’ made to arrive at the
potential difference produced have given varied results, 
and Copson^^ draws the conclusion that where static stress 
alters the corrosion rate, it is likely to be the result 
of secondary factors. However, there can exist a 
situation where, under static tensile stress, very rapid 
failure of a material can occur in the presence of a 
corrosive environment - a result much more dangerous than 
simple intensification of corrosion. This phenomenon, 
which occurs under highly specific conditions of alloy 
composition, alloy condition and environment, is termed 
"stress corrosion cracking" (s.c.c*), and is defined In 
the Corrosion Handbookv as "the combined action of
static stress and corrosion which leads to the cracking or
embrittlement of a metal".
The ordinary corrosion resistance is no measure of 
a material's tendency to fail by s.c.c., since such 
systems often show little corrosion in the absence of
stress. -The strength of the material is also no guide to
its s.c.c* behaviour, since failure can be promoted by 
low^^ tensile stresses, both residual and applied.
The phenomenon is found in many alloy systems, and 
for each system the environments that produce this 
behaviour are limited. Table 1 indicates the combinations 
of some alloys and environments for which s.c.c. behaviour
has been established.
Prediction of cracking behaviour of an alloy/, 
environment system is not possible in the present state of 
knowledge, and only general-rules can be formulated 
regarding susceptibilityv '.
Por the corrosion scientist, the problem holds 
interest because the mechanism of this type of failure is 
still far from clear, both regarding specific systems, and 
the way in which the mechanism changes from system to 
system. In fact, even in a system that has a common 
basis, the mechanism can vary as the nature and amount of 
addition elements are varied, as will be shown in the 
iron-based materials. When the mechanism for each 
system is thoroughly understood, perhaps there will be an 
opportunity to study the way in which each mechanism is 
modified as the alloy system changes.
This present investigation has, as Its aim, the 
study of pure iron-based materials, with the philosophy 
that an understanding of the failure mechanism that 
operates in this system forms a natural starting point for 
the eventual understanding of the variation in mechanism 
that occurs throughout the immense range of alloys that 
are prodiiced with an iron base. The variation in 
behaviour of iron-base alloys is large, as will be 
discussed, and a great deal of research effort has been 
expended to great value in understanding the behaviour of 
complex steels. Comparatively little work has been done, 
however, on the basis from which these alloys stem. A 
brief outline of the many variables that are met in s.c.c. 
as a general topic .will be presented, plus a more 
detailed review of work concerned with low carbon and mild 
steels. This review will be examined, at a later point 
in the thesis, in the light of the information arising - 
from the present investigation.
2. GENERAL REVIEW OP IMPORTANT FACTORS IN ASSESSMENT OF 
S.C.C. BEHAVIOUR
There are many factors involved in the failure of 
a material hy s.c.c., and these must be recognised and 
accounted for during an investigation into the mechanism 
involved in the phenomenon. The requirements of 
specific alloy composition and condition, and specific 
environment, have already been mentioned; added to these 
requirements, the behaviour of a material can be affected 
by the nature and extent of the stress to which the 
material is subject,, and the extent of the plastic 
deformation caused by that stress. The method of- 
accelerated testing chosen for investigating s.c.c. 
behaviour can be of importance during assessment of 
experimental results. The specific nature of the environ­
ments is further complicated by the effect of environmental 
temperature. The following paragraphs outline the most 
important of these factors, with particular reference to 
iron-base materials.
2.1. The Effect of Composition
Pure metals are considered immune to s.c.c.; this 
being "a rule that should be defended with reasonable 
vigour. Thus, if s.c.c. were observed in a metal con­
taining only a few parts-per-million of impurities, it 
should be obligatory to purify the metal further"^ \
The presence of carbon and nitrogen in I r m  has been
suggested as the cause of susceptibility to s.c.c.,
(7)Waber and MacDonald^( - proposing a mechanism entailing
/on "' T9')
nitrogen; Parkinsv \  Romanov ^ J} suggesting carbon, and
U h l i g ^ ^  expressing the opinion that both these elements
act in a similar way and are both responsible for
(11 ^susceptible behaviour. R&deker and Grafenv J showed
that relatively pure ’ ,c.cM  the materia
ibility in iron containing carbon in the order of 0 .02%,
and that nitrogen did not appear to be an important
factor; Uhlig and S a v a ^ ^ , however, clearly showed that
nitrogen does play a role in the s.c.c. mechanism, and
that its effect is similar to, and additive to that of
carbon. Romanov v ' found a threshold to susceptibility
with regard to carbon in a decarburised mild steel con-
(12)taining 0.02%C, whereas Long, and IIhligv J placed this 
threshold at 0 .002%0 in the as-guenched condition, using 
electrolytic iron. When the carbon content in iron is
increased above this value, susceptibility occurs which
\ .
continues up to a carbon content of\0 .2%C, where the steel
(9 'ix)
apparently becomes essentially immune to s,CoC.w ’ 
fhe experiments above were carried out in hot nitrate 
solutions. I
fhe addition of substitutional elements to iron-
carbon alloys to produce•alloy and stainless steels has a
(14-)marked effect-upon s.c.c. behaviour. Herzogv ' found, 
that the addition of small amounts of chromium and - 
aluminium lead to a considerable increase in the s.c.c. 
resistance of, a carbon steel, and maintained that neither 
mechanical-nor thermal treatment had any, effect on this 
resistance. J o n e s ^ ^  :noted that, A1-killed mild steel 
showed greater resistance to s.c.c. than one without=such 
a treatment, but expressed the opinion that total 
immunity to s.c.c. did not result. Very little 
systematic work has. been carried out on the effect of sub­
stitutional elements on the s.c.c. behaviour of carbon 
steels;; the observations that have been made refer to 
mild steels, which have a large compositional variation to
containing 0 .05%C. found no suscept
(9)begin with.. Romanov w y  makes the comment ■” Apparently 
there is no unanimous opinion about the - iniluence of 
alloying elements on the mechanism of s.c.c, 'The 
solution of this problem requires the accumulation of 
additional data". In spite of this lack of knowledge 
about the basic mechanisms involved in the changes in 
behaviour brought about the substitutional element 
additions, the fact that the effect of the additions is 
large, and of importance, is illustrated by the s.c.c. 
behaviour of stainless steels when compared to carbon 
steels. The path that the s.c. crack follows in carbon 
steels is intergranular in most environments (transgranular 
in the presence of cyanides, although current invest!- • 
g a t i o n ^ ^  is concerned with the examination of this type 
of failure, and a mechanism of failure other than by 
s.c.Co is not yet excluded), whereas in austenitic stain­
less steels, the path of the s.c. crack is commonly trans- 
'granular. An increase in the nickel content of stainless
steels increases the materials1 resistance to s.c.c.,
(17)according to Edeleaau r , who also found that titanium, 
niobium and molybdenum had little effect on the s.c.c. 
behaviour of these materials. He divided the steels 
that he studied into three groups, based on s.c.c. 
resistance, according to composition
(1) Steels of the 18/8 type, which have the 
lowest resistance to s.c.c.
(2) Steels with a higher nickel content, which 
have a considerably higher resistance to s.c.c.
(3) Eerritic steels, which have proved to be 
resistant to s.c.c. under similar conditions to those 
used when testing groups (1) and (2).
It has been proposed that the effect of alloying 
additions on the s.c.c. behaviour of stainless steel is 
associated with a consequent effect on stacking fault 
energy which is thought to play a vital role in 
susceptibility^®^. In other systems, alloying is 
responsible for the formation of second phases and, 
together with heat treatment (Section 2.4), for the 
distribution of those phases and the consequent effect on 
s.c.c. behaviour. In the same way that the path followed 
by the s.c. crack changes as the composition changes, so 
does the environment that is required to induce s.c,c. 
(Table 1).
The s.c.c, behaviour of most other alloy systems
varies with alloy composition, but since this thesis is
concerned with iron-base alloys, reference will be made
only to the behaviour of the Cu-base alloys, whose
behaviour is in some ways similar to that shorn by carbon
steels. It has been mentioned that the addition of
0 „002%G to pure iron is sufficient to bring about
susceptibility to s.c.c.,' and similarly, the presence of
0.004% of phosphorus in copper will cause it to fail by
(19)s.c.c. in an ammoniacal atmosphere v y . The addition of
zinc to copper to produce brass, also allows the system to
exhibit the change in nature of the crack path that is
shown in the iron base alloys. oc-brass fails in
ammoniacal atmospheres by intercrystalline s.c.c., whereas
3-brass fails by transgranular cracking. When the alloy
composition is such as to produce an a-3 brass, the
s.c. crack path is intergranular with respect to the cc-
phase, and transgranular across the 3 phase, within the 
(20)same specimenv y.
2.2* Effect of Stress and Plastic Deformation
S.c.c. is only brought about by the action of 
tensile stresses, and the cracks produced propagate 
macroscopically normal to the plane of action of the 
tensile stress. This requirement of tensile stress is 
illustrated the type of s.c.c, test that uses a plate 
or strip bent into an arc, as in this investigation, 
causing the convex surface to be in a condition of tensile 
stress, and the concave surface subject to compressive 
stress. In such a system, s.c.c. failure always occurs 
by cracking that originates on the convex surface, never 
on the side having compressive stresses. There are 
reports of work in the literature that confirm this 
obs ervation^ ^ 5 ? 21,22,23)^
The level of applied stress directly affects the
life of materials that are prone to s.c.c.; the higher the
applied stress, the shorter the s.c.c. life. Studies
have been made to determine the increase in s.c.c. life
with decrease in stress, and in many systems, a threshold
to susceptibility is found at a stress value below which
(9 15)the material is immune to s.c.c.w 5 ^ . The presence of
such a value is not universal, however, as shown by Hoar 
(2M-)and Hmes^ ' in an investigation of the s.c.c. properties 
of an 18/8 steel, where difficulty was experienced in 
finding such a threshold. Both environment and heat 
treatment have an effect on the thresholds that have been
(Q)
found for various materialsw  , and it is not a parameter 
that an engineer may confidently rely upon without 
proving trials for the particular service application.
The effect of compressive stresses on the surface 
of a susceptible material is to reduce that susceptibility. 
Mechanical treatments that leave the surface in a state of
compressive stress, such as shot-peering, effectively 
reduce susceptibility to s.c.c., and in the same way, the 
compressive nature of a nitrided coating on steel renders
... . (2p 9 26)it immune to s.c.c,v .
The extent of plastic deformation can change the
nature of s.c.c. failure, e.g. lightly deformed a-brass
exhibits only intergranular cracking, but by increasing the
extent of deformation, the character of the crack
gradually changes from intergranular to transgranular,
and eventually cracking is prevented altogether. A
decrease in the resistance of mild steel to s.c.c. was
(13)noted by Parkinsv , as. a result of increasing the degree
(10)of plastic deformation, whereas Uhlig and Savav / found
that cold rolling promoted immunity in similar material
tested in a similar environment of-hot nitrate solution.
( 27>vSdeleamn showed that the s.c.c. corrosion resistance 
of austenitic stainless steel is increased by rolling or 
a similar process.
Stress value and extent of deformation are capable
of affecting the electrochemical and corrosion properties 
(28 ?Q gO)
of metals ■ ’ ’ , and studies of such effects are of
interest-in examining the nature and mechanism of stresses 
in s.c.c. All investigators apparently agree that 
stresses, either internal or applied,. increase the 
corrosion rate of metals in acid environments, with few 
exceptions, and that there is a linear dependence of 
corrosion rate on the increase in stress.. Data on the 
influence of stress and deformation in neutral solutions 
is. contradictory, although most systems show little or no
effect^5*31). The same conclusion has been drawn for
('sD) ( ^ 4)atmospheric cqnditionsv ■ . . Evans noted that
stresses often decrease corrosion rate under atmospheric
conditions. Because of these contradictions and : ~
deficiencies, much further study has taken the form of 
examining the effect of stress on the electrochemical, 
properties of a metal system, rather than the effect on 
corrosion rate.
The effect of applied elastic stresses is to change
the electrode potential of metals only hy a very small
amount; during plastic deformation this effect is
f2 1  3 5 )increased, hut the increase is often transient .
The most detailed of such investigations was that conducted 
by Hoar and Hines*'2^ ,  who examined, the s.o.c. behaviour 
of austenitic stainless steels in M g C ^  solution, and made 
the observation that stressing specimens, after a 
preliminary period unstressed in the corrosion envirorment, 
did not essentially change the basic variation of 
electrode potential with time, illustrating the small 
influence of stresses on electrode potential under these 
conditions. However, an equivalent increase in both 
anodic and cathodic reaction rates might result in the 
same overall potential, whilst the corrosion rate increases.
( 37)Hoar and VestWf/ observed an increase in anodic 
current at constant potential as a metal is strained, 
which was interpreted as allowing rapid electrochemical 
dissolution of metal at the tip of the s.c. crack, 
since metal undergoing active strain dissolves anodically
at an appreciably lower overvoltage than unstrained metal.
(12)Long and Uhligv y interpret this as a function of the 
greater surface area produced by numerous cracks formed 
in the specific environment that promotes s.c.c.
The plastic deformation that results from an 
applied stress is apparently different in nature - with 
regard to s.c.c. - to plastic deformation that exists as 
a result of prior cold work. Uhlig and S a v a ^ ^  
showed that a mild steel, with a time-to-fallure value of
about two hours in hot nitrate solution, did not fail 
within 200 hours when similarly tested in a cold rolled 
condition.
Some investigators propose that stresses only 
commence to play an active part in s.c.c, shortly before 
failure of the specimen. It has been proposed that 
stresses applied shortly before failure give time-to- 
failure values of the same order as those obtained from
tests when the stresses are applied from the start of the
(9) (24-')testsw . Hoar and Hinesv 7 came to the same conclusion.
2.3. Effect of Snvironment
The environments that promote s.c.c. failure in any 
given material are highly specific (Table 1), and the 
composition of the environment has a basic and diverse 
influence on the s.c.c. behaviour of the material. For 
instance, by varying the composition of the environment, 
it is possible to change the;nature of the stress corrosion 
cracks, i.e. transgranular cracks can become partially or 
totally intergranular in nature, and greatly affect the 
rate of cracking by so doing, as shown by-Gilbert and 
H a d d e n , G-raf^   ^ and Hears et al.^^".
Many light alloys and brass are susceptible to 
s.c.c. under atmospheric conditions where such alloys most 
often find service. Moisture, temperature end various 
atmospheric impurities are variables under such conditions, 
and Loose and Barbian^^ conducted an extensive enquiry 
into these factors when studying the behaviour of 
magnesium alloys. They found that the behaviour of 
specimens subjected to monoaxial tension in marine and 
rural atmospheres was substantially similar, in spite of
the essential differences in the aggressiveness of the 
environments. The rate of cracking of these alloys was 
found to increase during rainy seasons, high humidity and 
elevated temperatures. The rate of s*e.c* of aluminium 
alloys was found to he increased by an increase in 
atmospheric humidity - an increase in relative humidity 
from 71% to 81% caused an acceleration of s.c.c. of an 
Al-7%Mg alloy by a factor of three^^. A survey of the 
literature did not show evidence of stainless steels being 
prone to s.c.c. in atmospheric conditions. The occurrence
( IlX Zi.Zi.')
of s.c.c. in carbon steels m  the atmosphere^ ■ ’ J must 
be viewed in terms of the possibility of condensation 
providing an aqueous environment, under which conditions 
s.c.c. failure Is possible.
Stress corrosion cracking under immersed 
conditions is far more diverse, in the alloys that suffer 
damage, than is the case in atmospheric conditions.
Ferrous alloys are used to a great extent as container 
materials for liquids, and thus s.c.c. under these 
conditions has prompted a great deal of Investigation. 
Stainless steels are particularly susceptible when tested 
in chloride solutions, and a. common environment for 
accelerated testing of these alloys is an aqueous solution 
of 42%MgClQ , boiling at 154-°C. Several
^ (Ll 5 ZLg)
investigators^ ' have examined the s.c.c. behaviour
of stainless steels in environmental solutions containing
varying concentrations of chlorides. Hoar and Hines
showed that the addition of 0.2%HC1 to the M g C ^  solution
described above, increased the s.c.c. susceptibility of
(4-5')stainless steel. Edeleanuv found solutions of MgC^, 
Z n C ^  - and CaCl^ to be especially effective in promoting 
s.c.c. failure, which he attributed to the higher boiling 
points that these solutions exhibited when compared vjith
chloride environments -which were less aggressive. Many 
cases of failure'by s.c.c. in a wide range of chloride
environments are to he found in the literature. For
C9'5 /instance, Eomanovw ' reports rapid failure of 18/8 steel
in a 6.6% solution of FeCl^, and instances of this material
failing in water containing ethyl chloride, file
importance of oxygen in the environraents that allow s.c.c.
in stainless steels has also been examined, Williams and 
07)Eckel found that the presence of 1 ppm of oxygen xs 
required to initiate the process of s.c.c. of austenitic 
stainless steels in water'at elevated temperature and 
pressure. Gilbert and Haddenw y ' also studied this 
aspect, and their conclusions agree with those of Williams.
Mild steels fail by intergranular s.c.c. in
alkaline water, used for boiler feed water. In this
situation, a concentration of sodium hydroxide builds up
in crevices leading to the outside air by means of
evaporation. In the presence of tensile stresses, as
commonly exist in these structures when constructed by
riveting, s.c.c. results. The presence of silicates
increases the rate of s.c.c., but this effect can be
• decreased by the addition of - baliO^, or phosphates .
PbO, KMnO,. end EaoCr0,. increase the rate of s.c.c. of the
steel^ c . The list of remedies for this phenomenon is a
(40.)
long one, but Evans v "  recommends caution in the 
application of a remedy not known to be effective for the 
particular situation under enquiry.
Mild steels are also susceptible to s.c.c. when 
exposed to hot aqueous solutions of nitrates, and such 
environments are commonly used for the accelerated testing 
of these materials„ Several different cations have been 
used, but the usual solutions contain Ca(E0^)2 or
(50)or a combination of the two . ’The choice of nitrates 
rather than hydroxides is due to the ease of producing 
failures in nitrates compared to hydroxides, and also that 
boiling nitrates are considerably more pleasant to work • 
with than boiling sodium hydroxide solution. The s.c.c* 
life of tested specimens can be affected both by 
variation in the composition of the nitrate environment, 
and by the temperature of the test. This has resulted in 
the widespread use of boiling solutions, allowing easy 
temperature control, and fixed environmental composition 
which is regarded as a constant whilst other factors are 
examined.
The pH of the environment can greatly affect the
(59 4.0 )
s.c.c. behaviour of some alloy systems ? , but a
variation in pH shows a smaller influence on the rate of 
s.c.c. of ferrous alloys. Thomas, Ferrari and A l l i o ^ ^  
found that there was little change with pH in the effect­
iveness of a GaClp solution in producing s.c.c.. in an 
austenitic stainless steel. They did, however, find a
decrease in the effectiveness of TIgCl0 solution with
(11)increased pH. Hhdeker and Grafen^ J found a variation in
s.c.c. of mild steel when the pH of a HalTO-, solution was
Po)
altered by the addition of HHO^. Romanovw  reports no 
variation in s.c.c. behaviour of mild steel in the pH 
range 0 .3-75 "but states that outside of this range there 
is a increase in s.c.c. susceptibility.
2.4. The Effect of Heat Treatment
The effect of heat treatment on the s.c.c. 
behaviour of alloys can be conveniently classified in two 
ways: -
(
(a) as the result of a change in magnitude 
and nature of internal stresses,
(b) as the result of a change in the micro- 
structure of the material.
The s.c.c. failure of materials in service is 
often attributed to residual stresses present in the 
metal* and it is common practice to anneal alloys which 
are prone to this type of failure* before putting them 
into service. The annealing treatments that are often 
used for a number of materials are shorn in Table 2* 
Work by Uhlig and S a v a ^ ^  shows that the treatment 
often used for the stress-relief of mild steels can 
actually promote susceptibility, rather than prevent 
it, since although internal stresses are relieved by 
this annealing, the structure of the material is 
altered to put it into a state of susceptibility when 
subject to applied tensile stresses.
A large number of alloy systems can be made 
susceptible to s.c.c. 'by a change in microstructure
brought about by heat treatment. Magnesium
(51 52) (22 ^5)alloysvx ’ J and aluminium alloysv are examples
of non-ferrous systems that are responsive to suitable
sensitising heat treatments. Such treatments can
promote or decrea.se susceptibility by altering the
extent of the heterogeneity of the alloy system.
This phenomenon gave rise to a-theory of s.c.c.
failure based on the electrochemical differences
between phases produced by. heat t r e a t m e n t a n d  will
be referred to in Section 3°^* Ferrous alloys also
can be affected by heat treatment; the failure of
austenitic stainless steels by intercrystalline attack
is promoted by heat treatment that precipitates
chromium carbides in the grain boundaries, but heat treat­
ment has little effect on the transgranular s.c.c. 
behaviour of this material . ■ Low carbon and mild 
steels show a variation in s.c.c. behaviour with heat/ 70^
treatment, Houdremont, Benek and Wentrup^ - showing that 
mild steel became susceptible when quenched into water 
from 950°C, whereas oil quenching or air cooling reduced 
susceptibility. The s.c.c. resistance of the oil quenched 
steel improved if tempered for 4 hours at 100-650°G. 
Tempering for long times at temperatures above 650°C led 
to susceptibility, however. These observations are 
supported by the work of Parkins^ , who found that
tempering an 0.2%C steel at 700°C induced susceptibility. 
Uhlig and S a v a ^ ^  confirmed that a correctly selected 
tempering treatment improved the s.c.c. resistance of a 
mild steel, but the immunity so produced was found to be 
temporary, since the material once again became 
susceptible if heat treated for a sufficiently long time, 
or if the tempering temperature was raised to a 
sufficiently high level. This return to susceptible 
behaviour was produced when a quenched sample was 
tempered for 5 hours at 550°G, or for 50 minutes at 700°C, 
and the susceptibility so produced continued to be 
apparent after heat treatments as long as 3 weeks at 600- 
700 °C. H e r z o g ^ ^  observed an increase in susceptibility 
to s.c.c. in a mild steel with a carbon content of 0.14% 
when water quenched from 700°C. Herzog also reported 
rapid s.c.c. failure in a steel containing 0.06%C, with 
A1 and Ti additions after normalizing at 900°C. Long and 
Uhligv J report the onset of s.c.c. in iron containing 
0.00296C when-water quenched from 925 °G and tempered for 
3 hours at 550°C - this having been immune in the as- 
quenched condition. They also showed similar behaviour 
in a zone-refined iron that contained <0.001%C and
< 0 o0003% U o
It may be concluded, from the foregoing examples, 
that any investigation into the mechanism of s.c.c. that 
examines the phenomenon from a metallurgical viewpoint 
(as against environmental studies) must examine carefully 
the variation in s.c.c. behaviour brought about by heat 
treatment.
2«b <• Testing Methods
With long-term exposure tests, it is often 
required to draw conclusions at a time when all the 
specimens on trial have not yet failed. This leads to a 
method of assessment of s.c.c. behaviour by comparing the 
number of specimens that fail in a given period of time, 
with'the total number put out on test - assuming that 
numerous samples in identical condition are put to test. 
The behaviour of this group of specimens may then be •
compared with another group that has been subject to a
variable of interest.
Accelerated testing, however, is commonly 
expressed in time-to-failure values plotted against a 
variable of interest. The techniques of testing are
conveniently split into two groups according to the way in
which the specimen under test is stressed:-
(a) the specimen is subjected to a constant load.
(b) the specimen is subjected to a constant 
deformation. : ;
The main difference in effect between these two 
methods is that, with a constant load system, as cracking
progresses, the consequent reduction in cross-section of 
the specimen hearing that load results in an increase in 
the applied stress, whereas with a constant deformation 
system, the decreasing cross-sectional area leads to a 
decree,se in the active stresses.
If the testing forms part of a service-evaluation 
programme, then the selection of a test method is 
dictated by the need to achieve a system as close as 
possible in character to that which will operate In 
service. For more basic studies, such as investigations 
into the mechanism of s.c.c., the system of stressing is 
chosen by personal preference, unless some factor that is 
to be studied requires the use of a specific method. In 
the present investigation, a constant deformation system 
was employed, but modified to overcome partially the 
effect of decreasing cross-sectional area. A factor 
against this type of stressing method is the difficulty in 
assessing the actual load applied. however, in 
mechanistic studies, providing that the load can be made 
reproducible, it represents a constant, and is therefore 
not important unless a study of the effect of stress level 
eventually forms part of the programme.
. Environmental control is important, since variation 
in composition and temperature can cause variation in time- 
to-failure values. Because of this, boiling solutions 
make useful environments since their temperature is 
self-controlling, providing care is taken to ensure that 
the boiling point is not altered by evaporation.
Surface•finish can also affect the life of a
(42)
material in a s.c.c. test; Perryman and Haddenv 
studied this in detail. Once again, the selection of a 
standard treatment makes this a constant, and it can then 
be left out of further consideration.
3- GEMERAL THEORIES OP STRESS CORROSION CRACKING
There are, at present, two main theories of s.c.c 
which differ in the way in which the crack is assumed to 
propagate.
3.1. Electrochemical Mechanism
Propagation of the crack is assumed to occur by
continuous anodic attack along the advancing front of the 
( 5)crack. Dixw ' in 194-0* proposed that there must be a
more or less continuous path existing in the alloy which
is susceptible to selective corrosion. A typical well-
known active path system occurs in austenitic stainless
steel that has been sensitised by heating in the range of
500 - 900°Cc Such a treatment precipitates chromium
carbides in the grain boundaries and this depletes the
adjacent areas of chromium, which then become active path
(21)for corrosion. Hears, Brown and Dixv ' showed that an 
Al-A%0u alloy could be heat treated so that the grain 
boundaries were anodic to the grain, thus providing an 
active corrosion path. It is not readily seen what 
factors would provide an active path in the transgranular 
cracking of a single phase-alloy, such as completely 
austenitic stainless steel.
Proponents of the continuous electrochemical
mechanism have brought about many additions and modifi-
(55)cations to the first simple hypothesis. Logan 
favoured film rupture by yielding allowing anodic 
depolarisation, assuming that the anodic dissolution is 
retarded by a passivating film. This effect seems 
unlikely to be of universal importance, since s.c.c. can 
often occur in environments that have little or no 
passivating action upon the materials subject to it.
e,g. the 42% magnesium chloride solution commonly used
for the s.c.c. testing of stainless steels does not have
passivation as one of its characteristics. Some workers
have proposed that the stress ahead of the crack has the
effect of nucleating new, corrosion-sensitive phases in
(17)that region, Edeleanuv ' , for instance, proposed that 
plastic deformation associated with the advancing crack 
tip in austenitic stainless steels leads to the formation 
of martensite which was thought to be corrosion sensitive 
in a chloride environment. In a later publication^^ 
he noted that identical cracks were obtained on testing 
austenitic steels that d_id not transform to martensite.
It has been suggested that new phases can be nucleated
4
by corrosion products generated at the tip of an advancing
(57)crack, Vaughan et alw/ y proposing that hydrogen produced 
by the corrosion reaction penetrates an austenitic stain­
less steel, producing a corrosion sensitive phase in 
advance of the crank tip,
(24)Hoar and Hines^ ' assumed that a susceptible
metal, as it yields, is inherently depolarised and will
dissolve much more rapidly than unstrained metal when
( 57)both are unflimed, Hosn and Westw r ' demonstrated that
dissolution at high current densities can occur with 
large anodic depolarisation at high strain rates. -They 
concluded that the depolarisation was sufficient to 
promote the maximum cranking rate observed,
3.2. Periodic Electrochemical-Mechanical Mechanisms
The foregoing "electrochemical mechanism" did not, 
in the minds of many investigators, explain the high rate 
of crack propagation that is observed in s.c.c. Also, it 
appeared that the rate of crack propagation was too slow
for a purely mechanical failure, and this gave rise to the 
first ideas that the mechanism entailed..both mechanical 
and electrochemical steps. Propagation is said to occur 
by alternate steps of slow anodic attack and of rapid 
mechanical failure. Keating^-^ and Evans proposed 
the mechanical parallel of Dix's selective corrosion path 
in that they suggested that there existed in the metal a 
pre-existing path of mechanical weakness, propagation 
being thought to occur by the alternate steps of slow 
corrosion and rapid mechanical failure. The notching 
action of anodic attack was thought to provide a starting 
point for the mechanical failure step. Any obstructions 
to the progress of the crack could be removed or circum­
vented by corrosion, and the process of crack progression 
resumed. A reaction against such a mechanism, as a 
general theory of s.c.c., was felt due to its inability to 
explain transgranular cracking, where the path bears no 
apparent relationship to microstructure. A theoretical 
model for microscopic mechanical failure was described in 
1959 by F o r t y ^ ^  , and requires that susceptibility to 
cracking by the periodic electrochemical-mechanical (PEM) 
mechanism be limited to those alloys in which slip is 
highly restricted. He examined the conditions necessary 
for the propagation of a crack through a "ductile" crystal, 
where it is necessary that the crack progresses at a rate 
faster than that at which dislocations can move away from 
the crack tip, and thus prevent plastic deformation. He 
goes on to suggest that dislocation movement is restricted 
by hardening due to short range ordering, alternating with 
slower steps of embrittlement by the environment.
4. S.C.C. IN LOW CABBON AM) MILD STEELS
4.1. Examination ofaPast and Current Research
Mild steels siioiAfs susceptibility to intergranular
stress corrosion failure in hot, aqueous alkali or nitrate
solutions, and some of the effects of possible variables
have been outlined in foregoing paragraphs. The earliest
examples of this type of failure to attract attention were
mild steel boilers that were damaged by hot alkaline feed
water. More recently, the failure of a large number of
structures conveying coke-oven gas caused concern. In 
(15)1921, Jonesv examined the phenomenon systematically, 
and arrived at conclusions that emphasized the importance 
of a threshold stress below which failure did not occur,
and also the effect of different corrosive solutions.
(62) (65)Andrewsv J and Iiericav had proposed a theory with
which Jones found himself in agreement, that assumed that
failure was caused by grain boundary weakening due to
hydrogen adsorption by the intercrystalline amorphous
material present there. E v a n s s u g g e s t e d  that in the
absence of oxygen, atomic hydrogen discharged at the
cathode may diffuse into the steel, with consequent
failure from a combination of hydrogen embrittlement and
s.c.c. Schroeder and Berk^^^ attempted to produce
intercrystalline failure by generating hydrogen at the
surface of strained specimens, and were unsuccessful.
Logan and Yolken^-^ found that hydrogen embrittlement
plays no part In nitrate s.c.c. of low carbon steels, and
a similar factor against the general acceptance of such a
theory is the fact that very susceptible steels were not
made less susceptible to s.c.c. by a process of vacuum
annealing to remove any hydrogen that might have been
present before testing,.
Logan^ in work on low carbon steel, postulated
that intercrystalline corrosion produced regions of high 
stress concentration, end the resulting strain of the 
metal at the tips of these cracks ruptured the protective 
oxide film on the metal. The film-free metal was anodic 
to the filmed metal and rapid electrochemical attack 
occurred at the anode, with the resulting development and 
propagation of a stress corrosion crack. This crack 
propagation continued until the film was repaired. When 
the strain at the tip of the crack became so great that 
the film could not reform, the crack progressed until the 
stresses produced a tensile failure.
Pletcher^^ put greater emphasis on the part
played by stress, suggesting that preferential corrosion
occurred at the tips of inherent cracks in the steel,
where the high stresses present would cause the area to
( 29)
be more anodic. Hearsv ' stated that thermodynamic 
calculations show the difference in voltage produced to 
be too small to cause corrosion in that fashion, but the 
experimental work of Simnad and E v a n s i n d i c a t e d  that 
this was a point of controversy.
(7)Vaber and MacDonald^{J suggested a mechanism 
involving the precipitation of nitrides within the grain . 
boundaries of the steel, this process being accelerated 
by the stress concentration at the crack tip. The 
nitride phase was said to suffer direct attack by the 
environment, giving a selective failure path.
Parkins^ however, found contradictions in the results 
of s.c.c. tests that were examined on the basis of 
predictions made by the hypothesis of Vaber and MacDonald. 
Using a variety of mild steels, Parkins reached the con­
clusion that the most important element associated with 
the stress corrosion cracking of mild steels was carbon,
and that cracking was associated with the presence of 
cementite in the grain boundaries of the steel. He 
postulated that the inherent distortion of a grain boundary 
is increased when carbide particles are located within 
such regions. The ferrite in the region of the carbide 
particles is more disturbed than elsewhere, and this is 
sufficient to cause it to be anodic to the rest of the 
grain, promoting severe localised corrosion. Should a 
newly exposed region not be already sufficiently distorted, 
the stress concentration present will move the potential 
of that region to a sufficiently anodic value to allow 
corrosion to propagate the crack over the resistant area 
to the next region of distortion. Parkins found that an 
iron containing less than 0.14%C was immune to s.c.c. in 
a 20% cold-rolled condition. When the carbon was 
increased to 0.14%, immunity was retained in the cold- 
rolled state, but susceptibility was shorn after annealing 
at 700°C for 72 hours. This behaviour was attributed to 
the re-d_istribution of carbide particles from a pearlitic 
pattern to a grain boundary globular form which promoted 
susceptibility.
Uhlig and Sava^0  ^made a systematic investigation 
into the effect of heat treatment on the s.c.c. behaviours 
of three materials. These materials were mild steel, a 
relatively pure carbon steel and a pure nitrogen steel. 
Their study found that cold rolling made every sample 
immune to s.c.c. in a boiling calcium/ammonium nitrate 
solution. However, water quenching from 925°C produced 
susceptible behaviour in all alloys. Immunity in the 
quenched condition was shown by zone-refined iron and 
decarburised electrolytic iron, both having carbon and 
nitrogen contents of less than 0.001%, thus illustrating 
the importance of these constituents. The quenched mild 
steel, nitrogen steel and carbon steel were then subjected
to a variety of heat treatment programmes which were found 
to produce resistance to s.c.c. This immunity was shown 
to.be of a temporary nature and higher temperatures of 
heat treatment re-induced susceptibility. The conclusions 
drawn from these experiments conflict with'those of 
Parkins in that grain boundary precipitates do not appear 
to be directly responsible for the s.c.c. phenomenon.
Rapid quenching is assumed to suppress carbide formation 
and susceptibility shown in this condition is promoted by 
the presence of carbon or nitrogen atoms at the grain 
boundaries. Low temperature heat treatment allows 
precipitate nucleation which consumes the carbon and 
nitrogen atoms and leads to a structure that is immune to 
s.c.c. Tempering at higher temperatures can produce 
susceptibility again by the slow re-dissclution of carbides 
and nitrides, allowing carbon and nitrogen atoms again to 
enter the grain boundary regions. The authors use the 
term "stress sorption cracking" in discussion the role of 
the environment, since they assume that the action of the 
environment is one of chemi-sorption of the nitrate ion on 
to the crack face with a consequent reduction of iron 
atom affinities. This allows the crack to upon up easily 
under the applied stress. The basis of this belief is 
that the highly specific nature of the environment that 
can cause s.c.c. does not indicate the operation of an 
electrochemical cell mechanism, since the phenomenon would 
be apparent in a much wider range of electrolytes, should 
that be the case. The proposed inter-relationship between 
the grain boundary carbon and nitrogen atoms and the 
adsorbate that promotes susceptible behaviour is that 
chemi.-sorption can be expected to occur preferentially at 
defect sites, and the carbon and nitrogen atoms lock in, 
at the grain boundary, additional imperfections or defect 
structures that are generated by plastic deformation
ahead of the growing crack. In the absence of inter­
stitial impurities in the critical grain boundary region, 
the responsible defect structures anneal out before the 
adsorption of specific ions can take place.
(27)')Harwoodv proposed a generalised theory of 
s.c.c., applicable to mild steels, that specified two 
essential stages - firstly, a period of electrochemical 
corrosion, followed by a stress cracking stage. Por the 
first stage, that of crack initiation, Harwood supported 
the observations of Parkins. Bor the period of crack 
propagation, he minimised the effect of film rupture and 
anodic stressed areas, on total crack extension. If these 
factors are assumed to contribute to the s.c.c. process, 
Harwood proposed that their role was in providing intense, 
localized crevices that result in mechanical stress 
concentration and promote the brittle fracture steps of 
crack propagation. The segregation of solute atoms to 
the grain boundary region is said to reduce the grain 
boundary energy and lower the stress necessary to cause 
brittle fracture. Harwood made the point that any 
adsorption process at a point of imperfection would reduce 
the work required to produce a new surface and thus 
greatly enhance the crack-forming tendencies of-such 
imperfections in the presence of a stress field. This 
observation would seem to link across to the stress- 
sorption ideas of Uhlig and Sava.
Engell and B&ume l ^ ^  , in a study of the electro­
chemical factors relating to s.c.c. of mild steel, agreed 
with the mechanisms suggested by Harwood, but came to the 
conclusion that some modifications were required. The 
first step was taken as the formation of fissures by the 
action of intergranular corrosion. This process is 
affected by the chemical composition and heat treatment of
high sensitivity to s.c.c. failure. A threshold to 
susceptibility with respect to carbon was found at a 
value of 0.002%C, the alloy series having a constant 
nitrogen content of less than 0.001%. A study was made 
of the possible effect of oxygen, and no correlation was 
found between this and s.c.c. behaviour. A heat treat­
ment of 5 hours at 550°0, after water quenching, produced 
susceptible behaviour, even in the material that contained 
0.002%C. Boat refined iron was immune as-quenched, but 
also showed susceptible behaviour when heat treated for 
5 hours at 550°0. Totally immune behaviour, both 
quenched and heat treated, was only shown by iron of 
floating zone refined quality.
A .2o heview of Useful Areas of further Research
When an alloy fails by s.c.c. it is as a result of 
very specific conditions, as the foregoing comments have 
pointed out. Before the phenomenon can make itself 
apparent, a particular alloy in a certain metallurgical 
condition must be subjected to a highly specific environ­
ment under conditions of tensile stress. The process of 
failure must follow the pattern of surface conditioning 
by the environment to produce crack initiation, followed 
by the progression of that crack through the material to 
give failure. Clearly, whilst all of the conditions out­
lined abovevare necessary for the complete failure of the 
material, there is a change in the conditions that are of 
prime importance as crack initiation changes to crack 
propagation. for this reason, research into the 
phenomenon can be divided into two areas, the first of 
which concerns itself primarily with the environmental 
conditions that promote crack initiation and using a *
material that is in a susceptible condition, or secondly, 
work which accepts the environment as a standard and 
studies the metallurgical variables that control the 
behaviour of a material in that environment.
It seems to be generally agreed that crack 
initiation is the result of corrosion damage at active 
sites - in intergranular corrosion the grain boundaries 
are the obvious choice. There is sorae disagreement about 
critical factors entering the process on a general basis, 
e.g. the contradiction between the role of stress shown by 
the work of Engell and B & u m e l ^ ^  who claim that pre­
treatment in the environment without stress does not alter
the s.c.c. life of a material when subjected to stress and
( 24- 49 )environment* and the work of other investigatorsv ,
who claim that stress plays an active part only shortly 
before failure. However, the major area of disagreement 
about the role of the environment occurs in relation to 
the part played by the environment in the second stage of 
s.c.c. failure, that of crack propagation. A continuing 
electrochemical mechanism Is favoured by many investigators
who have demonstrated in several systems that the s.c.c.
(24 68)process can be halted by cathodic protectionv '.
As an alternative to electrochemical action, Uhlig 
suggests that the role of the environment is one of chemi- 
sorption, based largely upon the fact that an electro­
chemical process would not be so highly specific. Uhlig 
does not indicate why chemi-sorption should also be so 
highly specific, but makes reference to evidence that 
chemi-sorption can also be prevented by the application 
of cathodic protection. This controversy represents an 
area of research that would greatly add to the under­
standing of the mechanism of s.c.c., but it also seems 
that most possible lines of direct attack are not 
definitive. Therefore, it is concluded that the most*
profitable work would be a study of the metallurgical 
factors controlling crack progression, with the hope that 
the role of the environment would become clarified when 
considered in the light of the knowledge gained.
iiuch research effort has gone into the studjr of
the s.c.c. behaviour of mild steels, Iiild steel contains
many impurities, all of which cou.ld possibly have some
effect on the behaviour of the specific steel examined*
M2)Indicative of this are the results of Long and Uhligv J , 
which illustrated a variation in behaviour of zone refined 
iron depending upon whether the refining was done by boat 
refining, or by a floating zone process. Presumably, the 
major effect of zone refining is to remove substitutional 
elements from the iron, and the variation in the extent to 
which this was accomplished in these two cases was 
responsible in some way for the divergence in their s.c.c. 
behaviour - even though the compositional differences 
between these two materials was very small, compared with 
compositional differences to be found between various mild 
steels. Therefore, it is difficult to assess, when 
studying previous work on the s.c.c. behaviour of mild 
steels, how much the conclusions that have been drawn have 
been affected by such compositional variation. A similar 
situation exists with regard to the addition element that 
is assumed to be of prime importance in controlling s.c.c. 
behaviour-of mild steel - caibon. Parkins interpreted 
the s.c.c. failure of such material in terms of gross 
carbide distribution, yet Uhlig and Sava have shown that 
very small amounts of interstitial are capable of 
promoting susceptible behaviour - a result confirmed by 
the work of Long and Uhlig.
The above comments reinforce the conclusion that 
a study of the metallurgical factors that play a park in
the mechanism of s.c.c. would he of value; that such a 
study should select an iron with a low impurity content 
as its basis material and examine the effect of both 
substitutional and interstitial elements upon the behaviour 
of that material. Only by ensuring this strict composi­
tional control can the work be made really definitive.
Zavialov and BrukP^^ studied carbon distribution 
in low carbon steels on a topic unrelated to s.c.c., and 
came to the following conclusions
"After rapid cooling from above 900°G, and tempering 
at elevated temperatures, the following occurs :
(1) In alloys containing graphitising elements in 
amounts not exceeding their solubility in iron, 
enrichment of grain boundaries by carbon occurs 
at the expense of lowering the carbon content 
of the grain.
(2) In alloys containing carbide forming elements 
in amounts not exceeding their solubility in 
iron, there is an enrichment of grain boundary 
carbon".
Prom the above observations, it appears that the 
selection of an alloy series based on a purified iron plus 
the addition of small amounts of carbide forming elements 
or graphitising elements,-would provide materials whereby 
the interaction of the interstitial and substitutional 
contents with the grain boundaries may be examined.
Since s.c.c. in such materials is an intercrystalline 
phenomenon, such a programme offers the possibility of 
reaching a clearer understanding of the metallurgical 
factors involved in the grain boundaries becoming 
sensitive to s.c.c.
5- KCPERIMENTAL PROCEDURE
5.1. Material Selection
The iron necessary for the envisaged programme 
required very low levels of impurity. The carbon and 
nitrogen contents were required to he in the range of IQ- 
20 ppm, since the results of Long and Uhlig show this to 
he a critical composition with regard to s.c.c. behaviour 
When iron with this carbon and nitrogen content was 
tested for s.c.c. susceptibility, it showed immune 
behaviour when quenched from 925°Q? hut the threshold 
character of this material was shown by the susceptible 
behaviour produced on tempering after quenching. This 
composition range is, therefore, sufficient to allow the 
mechanism of susceptibility to occur, without the inter­
stitial content being high enough to lead to false 
conclusions, due to the obscuring effect of gross carbide 
formation. This composition range was therefore thought 
to be highly manipulative and very sensitive to any 
variation in metallurgical condition.
in iron that conformed to the above requirements 
wa.s obtained from the National Physical Laboratory, where 
it was produced as part of a programme sponsored by 
Richard Thomas and Baldwins Ltd. to enquire into the 
behaviour of pure iron base alloys. The method of 
production is described in a publication by Hopkins, 
Jenkins -and St one Briefly, Swedish iron that con­
tained no impurities that could not be removed by 
metallurgical methods to within the required limits was 
purified in two stages:
(a) oxidation of a number of impurities and 
removal of the products of oxidation.
(b) a vacuum treatment for degassing, followed 
by reduction of oxygen to a low level by dried hydrogen.
An analysis of the iron produced by this method is 
given in fable 3« The ingots produced were rolled to a 
final thickness of 0.038 inches, showing a final cold 
reduction of 80%. From'this* standard sized specimens 
were sheared, being 1-J" x 3/18” x 0,038”* These specimens 
were subjected to heat treatment and tested.
5.2. Testing Rig
In Section 2.6.* testing methods were discussed 
and from the two types of rig that were outlined, a 
”constant deformation” system was chosen for these experi­
ments. In this type of system, a specimen of standard 
dimensions is deformed into a standard shape and held 
there whilst being subjected to the selected environment.
A drawback to this method^ is that during crack progress­
ion the consequent reduction in cross-sectional area of 
the specimen results in a decrease in the acting stresses. 
(The alternative is a "constant load system", where the 
reverse applies); Largely to overcome this effect, it 
was decided to apply the load to the specimen via a small 
compression spring, so that the spring extension would 
counteract the effect of decreasing load as the cross- 
section of the specimen decreased.
The rig is shorn in Figures 1, 2, 3 and 4. It 
comprises three main parts - a specimen holder, a rod to 
transmit the load, and a head carrying the screw that 
applied the load. The specimen holder was made from
stainless steel tubing of 9 mm O.D., 6 mm I.D. and 17i 
inches long, attached to the base of which was a C-shaped 
specimen rest, also made from stainless steel. The tube 
was welded to the back of the specimen rest, and a hole’ 
drilled through the specimen rest to allow the load-trans­
mitting rod to slide through the tube and specimen rest. 
This load-applying rod was 5 mm. diameter and 17” long, 
and attached at right angles to its upper end was a l-J-" 
long cross-bar of the same material, a slot being cut in 
the top of the tube wall to accommodate it. The cross­
bar carried a 4BA screw parallel to the load-applying 
rod. The rod slid within the tube and pushed a strip 
specimen placed on the specimen rest into a V-shape.
This was accomplished in practice by resting a small 
compression spring on top of the rod in position within 
the tube and bolting a head, which carried a 2” 2BA screw, 
on to the tube. By turning the 2BA screw, movement was 
transmitted to the spring and thus to the rod, which in 
turn caused the specimen to deform. When sufficient 
deformation was gauged to have taken place, the 4-BA screw 
attached to the cross-arm of the rod was adjusted to 
activate a micro-switch fixed to the rig head. Any 
failure of the specimen caused the spring to move the rod 
relative to the tube, thus breaking the circuit controlled 
by the micro-switch. This circuit contained a digital 
elapsed-time clock, and by this means, time-to-failure 
values were recorded. The specimen was insulated from 
the rig during test by porcelain inserts on the specimen 
holder, and a porcelain cap on the load-applying rod in 
order to remove the possibility of any spurious electro­
chemical effects arising from galvanic action between the 
specimen holder and the specimen. The rig was assembled 
so that it passed down the centre of a water-cooled 
condenser that formed part of the glassware that contained
the environment. The condenser was located in the cover 
of a 700 cc. round-bottomed vessel which was heated by an 
electrothermal mantle, controlled by a Sunvic control.
This system allowed the specimen to be subject to the 
environment without a significant loss of water from the 
solution. Water cooling was supplied from the mains, 
but an auxilliary re-circulating pump system was incorpor­
ated for use on the occasions when the mains water supply 
was interrupted. Twenty such rigs were eventually put 
into service. A circuit diagram of the associated 
electrical system is shown in Figure 5*
The environment used throughout the investigation 
was 60%Ca( 110^)2 A-B^O, 3/hII^NO^ w/w aqueous solution, 
tests being conducted at its boiling point of 110°C.
This temperature was taken daily throughout each test, 
and if any change was found, distilled water was added to 
regain the original boiling point. It is the experience 
of I.G-. Farben-industrie^^ that essential immunity to 
s.c.c. can be considered as having been attained when such 
materials that are sensitive to nitrate cracking resist 
the above conditions for more than 200 hours. This time 
limit was also used in this present investigation.
Standard siz*ed specimens were placed in the specimen 
holder immediately after pickling for 4 minutes in 
inhibited 5 vol.% HC1 at a temperature of 95°0, and 
rinsing in distilled water. They were bent at once into 
a V-shape, so that the maximum span of the V was 1.1/4", 
a jig being used to ensure.reproducibility of this span 
from test to test. In this way, the materials under 
test were deformed vastly past their yield points, thus 
limiting the effect of yield point variation to negligible 
proportions.
Thus it is seen that the test conditions of 
environment composition and temperature, the extent of 
specimen deformation and specimen pre-treatment were all 
standardized, end the variables under test were the 
metallurgical factors involved in the composition and he 
treatment of the specimens, thus giving a direct link 
between metallurgical factors and change in s.c.c. 
behaviour.'
0
Figure 1« Components of Mechanism for Applying Load
in S.C.C. Rigs.
/Figure 2. Assembled Mechanism for Applying Load in 
S.C.C. Rig
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6 * THE S.Go0. BEHAVIOUR OF IRON
6.1. 'The S.c.c. of Iron Basis
(12')
Following the pattern of previous workv y, the 
behaviour of the iron was established in the water quenched 
and the quenched and tempered conditions. Uhlig^0  ^
showed that the quenched condition was a highly susceptible 
state for iron, even when the carbon content of the 
material was as low as 20 ppm; and illustrated that iron 
with a lower carbon content, which showed immunity in the 
quenched condition, could be brought to a susceptible behav 
iour by tempering at 550°0. In the present work, a range
of tempering temperatures was used, as will be reported.
To carry out the heat treatment programme, a 12" 
tube furnace was designed and built, using graduated 
windings of 20 gauge "Brightray Cn, to give a sufficiently 
long constant temperature zone at the temperature from 
which is was desired to quench the specimens. Eventually, 
as the research programme expanded, four more furnaces were 
built to the same design. Each furnace was carefully 
calibrated prior to use, and all showed a minimum constant 
temperature zone of 2-J-" at 950°C, + h°C after 12 hours at 
temperature. Since the specimen length was 1-J-", such a 
zone was adequate for effective heat treatment. At the 
start of each heat treatment, and at intervals during it 
(where the length of the treatment warranted it), the 
indicated temperature was checked, using a potentiometer. 
The heat treatments were carried out in a stream of 
purified argon of. a specification, as supplied, as contain­
ing less than'10 ppm of nitrogen. To ensure this purity, 
a gas train was used that consisted of a silica gel 
drying tower and a vessel containing titanium sponge held 
at 900°C. Further,' during the course of the investigation
periodic checks were made to ensure that impurity pick-up 
was not occurring, hy repeating established tests but 
using specimens that had been heat treated whilst 
encapsulated under vacuum in vitreous silica tubing.
The behaviour of specimens treated in the gas flow and 
those treated whilst encapsulated invariably remained the 
same, showing that no impurity pick-up had occurred from 
the gas train, or that such pick-up that did occur did not 
affect the mechanism under study.
After shearing to size, the specimens were 
thoroughly degreased, placed in a recrystallized alumina 
boat and introduced into the furnace at 950°C. After 30 
minutes at temperature, the crucible was rapidly withdrawn 
and the specimens quenched in water. At any one time, 
no more than three specimens were quenched in order to 
ensure that the quench was efficient.
The specimens were then pickled, rinsed, stressed 
in the testing rig and subjected to the s.c.c. environment. 
Failure occurred in one hour, a result that was also 
obtained with encapsulated specimens, quenched by crushing 
the capsules under water.
Quenched specimens were then tempered for 30 
minutes at temperatures from 200*0 to 800°C, at 100CC 
increments. These were prepared and tested in the same 
way as the quenched specimens to assess any variation in 
s.c.c. behaviour caused by tempering. The life of the 
material remained at one hour, this series of results being 
shown in Table 4 and.Figure 6.
A study was made of the behaviour of the iron in 
the cold-rolled-(as-received) condition, and this remained 
immune to s.c.c. at the end of the 200 hour limit chosen 
as indicating immunity. Samples were then annealed for 
30 minutes at a selection of temperatures, and susceptible
behaviour occurred after 30 minutes at 650°C, giving a 
time-to-failure value of one hour* These results are 
shown in Table 3 and Figure 7*
Microsections were taken of the material in 
representative conditions. Figures 8-11 show the effect 
of annealing the cold-worked material, and Figure 12 shows 
the as-quenched iron and the s.c. crack face. There was 
no apparent chan.ge in micro structure brought about by- 
tempering the .as-quenched material. Throughout the 
research, all metaliographic etching was carried out in 
2% nital.
6.2. S.c.c. of Purified Iron
The pure iron used in the previous experiments 
was subjected to a heat treatment that was designed to 
remove further interstitials from it. Specimens were 
placed in a recrystallized alumina boat, one end of which 
had been cut off to form a vessel that would ensure 
effective gas flow around the specimens since the open 
end was placed towards the gas flow direction, and the 
remaining sides of the boat acted as baffles to cause 
turbulence around the specimens. The specimens were 
stood on edge within the boat, being held in position by 
a coil of pure iron wire. The boat and specimens were 
placed in a furnace at a temperature of 730°C and held 
there for 10 hours in.;.an; atmosphere of wet hydrogen and 
argon,•mixed in the proportions of 1:2 hydrogen:argon.
The hydrogen was made moist by passing dry hydrogen 
through water held at 60°G, which,. according to
( Pi 0Parkins^. gives an ..optimum water vapour content of 30 
volo/b. At the end of the; 10 hour period, dry hydrogen
was introduced for a period of 4 hours at the same 
temperature. The temperature was then raised to 950°C 
and held there for 30 minutes. After stopping the 
hydrogen flow, and flushing the furnace with argon, the 
specimens were water-quenched from 950°C.
Since the iron was at the lower limit of analysis 
for carbon and nitrogen before being subject to this ■ 
treatment, it was not possible to assess by how much these 
values had been reduced. However, since only inter­
stitial elements can be removed by such a treatment, it 
was assumed that any change in the s.c.c. behaviour of the 
iron caused by the treatment would be the consequence of 
a diminished level of interstitials. The possible effect
of oxygen content had been thoroughly studied in previous 
(12)workv ' and no evidence was found that indicated that 
this played any part in the mechanism. The effect of 
hydrogen was examined and its effect also proved to be 
negative in this context^ ’ ’
The specimens'that had been subjected to the 
interstitial-removing treatment were quenched from 930°C 
after 30 minutes at that temperature. Some specimens 
were tested as-quenched and others were heat-treated for 
a further 30 minutes at temperatures ranging from 200*0 
to 800°C, air cooled and tested. The results of the 
s.c.c. tests are shown -in Table 6 , and a comparison of 
these results with the .behaviour of the material before 
the removal of interstitials by the foregoing treatment, 
is shown in Figure 13. Photomicrographs of specimens 
that showed typical behaviours are shown in Figures 14- 
and 13. *
Before having been subject to the interstitial- 
removing ;treatment, ..the iron had shown a s,c.c. life of 
about one hour when'tested in the quenched condition, and
this life did not vary significantly when the material was 
tested after being tempered at a range of temperatures 
after quenching. The effect of removing•the inter­
stitials was to produce immunity to s.c.c, in the iron 
when-tested in the quenched condition, and this immunity- 
was retained on tempering at temperatures of up to 300°0 . 
When tempered above this temperature, rapid decay of 
immunity was observed, and the time-to-failure values 
obtained diminished from 10 hours, when tempered for 30 
minutes at hOO°C, to less than 2 hours after tempering for 
30 minutes at 700°0.
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Fig. 12. Basis Iron, Water Quenched from 950"C xlOO
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FIGURE 13. THE EFFECT OF IN T E R S T IT IA L  REMOVAL 
ON THE S.C.C. BEHAVIOUR OF THE IRON BASIS
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Fig. 14. Basis Iron, Intcrstitic^ls Removed, then 
Water Quenched from 950 #C 
Immune to S.C.C.
xlOO
Fig. 15. Basis Iron. Interstitials Removed, W.Q. 950*0,
30 Minutes at 400*C xlOO
Susceptible to S.C.C.
7 o BEHAVIOUR OF IROU~1% CHROMIUM ALLOY
This alloy, and all other alloys examined, were made 
by the addition of a selected element to the particular 
iron examined in Section 6 * In this way, any change in 
behaviour could be related directly to the effect of the 
addition element and not to any variation in the iron upon 
which the alloy series was based. All materials were 
received in the form of 80% cold-rolled strip, 0 .038" 
thick.
This material showed complete immunity (a life of 
>200 hours under test conditions) when tested after being 
held at 950°0 for 30 minutes and water quenched. Quenched 
specimens were then tempered for 30 minutes at temper­
atures from 200°G to 800°C, at 100°C increments, and 
subjected to test. Tempering had no effect on the immune 
behaviour that had been shorn by the quenched material, 
and the tempered specimens continued to show s.c.c. lives 
of >200 hours. The results of these tests are shown in 
Table 10 and in Figure 6.
The material vas also tested in the as-received 
(80% cold reduced) condition, and. showed a s.c.c. life of 
>200 hours. Tempering the cold rolled material to remove 
the cold rolled structure did not affect this immune 
behaviour. The results of these tests are shown in 
Table 11 and Figure 7* Photomicrographs of the material 
showing typical structures as-tested are shown in 
Figures 16-18. The analysis of this material is given 
in Table 8*
-73-
Fig. 17. Fe-l%Cr. As Received, then W.Q. after 30
Minutes at 950*C xlOO
Xmiiune to S.C.C.
-74-
Fig# IS* Fe-l^Cr• As Received, then W.Q. 950*C
Followed by 30 Minutes at 700*C, A.C. xlOO
Imiiune to S.C.C.
I
8’ THE S.C.C, BEHAVIOUR OF ISPN-1% NICKEL ALLOT
This material was subjected to the same pre-test 
preparation and heat treatment programme as the other 
alloys that had been tested.
The alloy was water-quenched from-950°C after 30 
minutes at temperature, and tested. S.c.c. failure 
occurred in about one hour, much the same time-to-failure 
value as that shown by the basis iron in a similar 
condition. This similarity in time-to-failure values 
between the un-alloyed iron and the Fe-1/aNi. alloy was 
maintained when the alloy was tested in the quenched and 
tempered condition. The results obtained are shown in 
Table 12 and in Figure 6 , and show continued susceptibility 
with failure occurring in about one hour.
The as-received, cold-rolled, material was immune 
to s.c.c*, giving a life of >200 hours. .Annealing the 
cold-rolled material produced susceptible behaviour after 
30 minutes at 650°0, giving a time-to-failure value of 
about one hour. This behaviour is also very similar to 
that observed for the basis iron; The results obtained 
are presented in Table 13 and. in Figure 7* Photomicro­
graphs of representative structures tested are shown in 
Figures 19-24.
The behaviour of the Fe-1%Ni alloy closely 
followed the behaviour of the iron basis, and it was 
thought that a reduction in the interstitial content by 
heating in damp hydrogen might result in a change in 
behaviour similar to that observed when the iron-basis was 
tested after such a treatment. The alloy was water-" 
quenched from 950°G at the termination of the treatment 
with hydrogen, and prepared and tested in the same 
fashion as previous specimens. In this condition,
resistance to s.c.c. was shown for more than 200 hours.
A series of quenched specimens were tempered for 30 
minutes at temperatures from 200°C to 800°0, at 100°C 
increments, and tested. Those specimens tempered at 200°C 
and 300°0 remained immune to s.c.c. Specimens tempered 
at temperatures above 300°C showed susceptible behaviour, 
and as temperature of tempering was increased, the time- 
to-failure values showed a rapid decrease to an eventual 
life of less than two hours.
Photomicrographs of this material in conditions of 
heat treatment representing the various s.c.c. behaviours 
obtained are shown in Pigures 23 and 26. The results of 
the s.c.c. tests are shown in Table and Pigure-27«
The analysis of this material is given in Table 9*
**i9» 19. be-l/t-Ki• As Received (8C^ Cold Reduced^ xlCO
Immune to S.C.C.
Fig. 20. Fe-1/L.Ni. As Received, then 30 Minutes 450*C, A.C.
Immune to o.C.C. xlOO
-78-
Fig.
21
22. Fe-1/-Ni. As Received, then JO Minutes 65G*C,A.C.
Susceptible to S.C.C. xlOO
Received, 
Immune to
then 30 Minutes 550*C, A.C. 
S.C.C. xlOC
~79~
Fig.23®
Fig. °4.
Fe-12J;i. As deceived, then W.Q.gso'C xiGC
Susceptible to S.C.C®
Fe-.tfc.-Ni. W.Q.950#C, 10 Hours 69C°C,ri.C. xlOC 
Susceptible to S.C.C.
-80-
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.'in. :>5* Fc-1/.Hi. Interstitials removed., W.Q. 950*C xlCO
Immune to 3.C.C.
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5* i. Interstitials Camoved, W.Q. 95C * C ,
30 Minutes at 400*C, A.C. xlCO
Susceptible to S.C.C.
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FIGURE 27 EFFECT OF INTERSTITIAL R E M O V A L  O N  THE
S.C.C. BEHAVIOUR OF F « + I% N ^  ALLOY
\
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9f THE S.C.C. BEHAVIOUR OF Ee-Q.3%Ti ALLOY
Specimens of this alloy were sheared from the strip
material and subjected to the same programmes of heat- 
treatment and testing as previous alloys, with the 
exception of testing the material in the cold-rolled 
condition, since even in the very susceptible Iron basis, 
and the Ee-1%Ei alloy, this condition proved to be immune 
to s.c.c*
The alloy showed no signs of s.c.c. failure within 
the 200 hour limit of the test, and in any of the conditions
of heat treatment to which it was subject.
A series of water-quenched specimens were tempered
for 30 minutes at temperatures from 200°0 to 800°C, at 
100°C increments, and air cooled. These were subjected 
to s.c.c. testing,, and the whole range of heat treatments 
failed to produce a material with a susceptible behaviour.
The results of these experiments are reported in 
Table 17 and in Eigure 6. The analysis of this material 
is given in Table 13.
10. THE S.0.0. BEHAVIOUR OF Fe-0.5%A1 ALLOT
This material was subjected to the same specimen 
production method, pre-test treatment, heat treatment 
programme and s.c.c. testing as the previous alloy.
The alloy, when tested after being held for 30 
minutes at 950°C and water-quenched, gave a time-to-failure 
value of about two hours. Tempering quenched specimens 
for 30 minutes at temperatures from 200°C to 800°C, at 
100°C increments, gave a slight increase in s.c.c. life to 
a little below three hours. These results are presented 
in Table 18 and in Figure 6 , and bear a great similarity 
to the s.c.c. behaviour of the iron basis and the Fe-1%Ui 
alloy.
The susceptible behaviour shown by this alloy - 
indicated the possibility of causing a change in s.c.c. 
behaviour by subjecting the material to the wet hydrogen 
interstitial-removing process that has been applied to the 
basis iron and to the Fe-1%Hi alloy. After removal of 
interstitials and water-quenching from 950°0 , this alloy 
showed a s.c.c. life of greater than 200 hours. Quenched 
specimens were then tempered for 30 minutes at temperatures 
from 200°C to 800°C and tested. Unlike the iron basis 
and the Fe-1%Ni alloy - both of which showed decay of 
immunity xdien tested in similar conditions - the Fe-0.5%A1 
alloy continued to show no signs of failure within the 200 
hour limit of the test. The results of these 
experiments are given in Table 19 and in Figure 27. 
Photomicrographs of susceptible and immune conditions are 
shown in Figures 29 and 30. The analysis of this 
material is given in Table 16.
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FIGURE 26 EFFECT OF INTERSTITIAL REMOVAL ON THE 
S.C.C. BEHAVIOUR OF F*+0-5%>Al ALLOY
A — BEFORE REMOVAL 
O — AFTER REMOVAL
200
1 0 0
200 3 0 0  4 0 0 5 0 0 6 0 0  7 0 0  8 0 0  C-
W.Q.
9 5 0  ° C  ^TEMPERED 3 0  MINUTES
85-
Fig* 29* Fe-O.S&Al. As Received, then W.Q* 950*C xlOO
Susceptible to S.C.C.
Fig* 30* Fe-0.5%A1. Interstitials Removed, W.Q. 950#C
Immune to S.C.C.
xlOO
11. THE S.C.C. BEHAVIOUR OF Fe-1/aMh ALLOY
The pre-test preparation and heat treatment pro­
gramme applied to this alloy were the same as those 
reported for tests on previous materials. Specimens of 
the alloy were heated at 950°C for 30 minutes, water- 
quenched and subjected to s.c.c. testing. The material 
showed no signs of failure within the 200 hour limit of 
the test, i.e. immune behaviour. A series of water- 
quenched specimens were then tempered, air cooled and 
subjected to test. After being tempered at 200°G, the 
material remained uncracked at the end ©f the 200 hour 
test, but tempering at 300°C caused the material to 
degenerate into susceptibility, with a s.c.c. life of 35 
hours. Tempering for 30 minutes at 400°G decreased the 
time-to-failure value to below 20 hours, and this value 
remained essentially the same after tempering for 30 
minutes at 500°G. As the temperature of tempering was 
increased above 500°G, the s.c.c. life of the material 
showed a gradual increase until, after being tempered for 
30 minutes at 800°C, a time-to-failure value of 120 hours 
was obtained. -These results are presented in Table 27 
and in figure 6 .
Annealing the as-received, cold-rolled material 
failed to produce susceptibility, even after 8 hours at 
650°C. Other alloys that had been similarly heat-treated, 
and were known to exhibit susceptibility to s.c.c., gave 
susceptible behaviour when the cold-rolled material was 
annealed for 30 minutes at 550°C. These results are 
shown in Figure 7*
Specimens of the alloy were subjected to a heat 
treatment under wet hydrogen, as applied to previous alloys 
that had exhibited susceptible s.c.c. behaviour, in order
to reduce further the interstitial content of the material. 
Specimens in this condition were heated at 950°C for 30 
minutes and water-quenched. When tested in this
condition, no signs of failure were apparent at the end of 
the 200 hour limit of the test. Quenched specimens were 
then tempered for 30 minutes at temperatures from 200°G to 
800°C, at 100°C increments. The immunity that was shown 
by this material in the quenched condition was retained on 
tempering for 30 minutes at temperatures up to 500°C. 
Tempering at temperatures above this level induced 
susceptibility to s.c.c., the time-to-failure value after 
tempering for 30 minutes at 600°C being 15 hours. These 
results are presented in Table 22 and in Figure 31•
Photomicrographs of the material in representative 
conditions tested are shown in Figures 32 to 38, and the 
analysis of the material is given in Table 20.
This alloy has shown a transition from immunity to 
susceptibility when tempered for 30 minutes at temperatures 
in excess of 200°C, after being water-quenched from 950°C. 
On the basis of this behaviour, it was decided to temper 
the quenched material for increasing periods of time at 
200°C, in order to see if a similar transition could be 
produced at that temperature. The heat treatment 
procedure was the same as described in previous work, as 
were pre-test preparation and testing procedure. The 
results are presented in Figure 39 and in Table. 23, from 
which it will be seen that susceptibility to s.c.c. can be 
promoted in this alloy after tempering for 14 hours at 
200°C, with a resultant time-to-failure value of about 10 
hours.
An upward trend in s.c.c. life starts becoming 
apparent when, after water-quenching, the tempering treat­
ment is changed from 30 minutes at 400°0 to 30 minutes at
500°C. This trend is firmly established when the 
material is tempered for 50 minutes at 700°C, as shown pre­
viously in Figure 6 . On this basis, two further tempering 
temperatures were selected to be used as constants, with 
time of tempering being varied.
Tempering quenched specimens at 500°C promoted the 
immune/susceptible transition to s.c.c. in under 15 
minutes, this requiring 14 hours at 200°C. The time-to- 
failure values shown by the material decreased as the time 
of tempering was increased, until after one hour at 500°C, 
a life of about 10 hours was shown, "which represented 
stable behaviour and did not vary even after long term 
tempering at this temperature (100 hours). The results of 
these experiments are presented in Table 24 and in Figure
39.
Tempering at 700°G, after water-quenching from 
950°0, produced the immune/susceptible transition very 
quickly, and the time to failure value of the material had 
fallen to about 10 hours within 10 minutes at temperature. 
However, after tempering at this temperature for 2-4 hours, 
a second transition became apparent, and the material once 
again became immune to s.c.c. These results are shown in 
Figure 39 and Table 25.
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FIGURE 31 EFFECT OF INTERSTITIAL REMOVAL ON THE 
S.C.C. BEHAVIOUR OF Fe + I&M * ALLOY
A. BEFORE REMOVAL
REMOVALO AFTER
200
I O O
2 0 0  3 0 0 4 0 0 5 0 0  6 0 0  7 0 0  8 0 0 °c
W.Q.
9 5 0 ° C  —^TEMPERED 3 0  M INUTES
Fig* 32. Fe-l/>Mn* As -received (3C/o Cold Aeduced) xlOO
Immune to S.C.C,
-91-
Fig* 34. Fe-l%Mn. As Received, then 8 Hours 650*C,' t.
Immune to S.C.C.
Immune to S.C.C.
- 92-
Fig.
V, /
1
0 -
£ m '
36. Fe-3#Mn. W.Q. 950#C, then 30 Minutes 300*C, A.C.
Susceptible to S.C.C. xlOC
Fe-l%Mn
Fig. 37. Interstitials Removed, then W.Q. 950*C. xlOO
Immune to S.C.C.
9 3-
Fig. 33. Fe-l/vMn. Interstitials Removed, then W.Q. 950#C, 
Followed by 30 Minutes at 600#C, A.C. xlOO
Susceptible to S.C.C.
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FIGURE39 THE EFFECT OF TEMPERING TEMPERATURE ON 
THE S.C.C. BEHAVIOUR OF QUENCHED Fe+ l%M*
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12. ACTIVATION ENERGY STUDIES
There existed the possibility that the activation 
energies involved in the s.c.c. transitions shown by the 
Fe-1%Mn alloy would Indicate the nature of the diffusion 
processes that had occurred to bring about these trans­
itions. Therefore, a programme was initiated to examine 
this aspect.
It has been shorn that the transition from immune 
to susceptible s.c.c. behaviour of the Ee-1%Mn alloy, that 
occurs on tempering at 200°C after water-quenching from 
950°C, requires about 14 hours at temperature. It is 
also known that tempering at 500°C produces this trans­
ition in a very short period of time. Since, for 
activation energy plots, a study of behaviour at a minimum 
of three temperatures is required, it was obvious that the 
two other temperatures selected for tempering to produce 
this transition for consideration relative to the 
behaviour at 200°C, would have to be substantially lower 
than 500°G. With this in mind, specimens were water 
quenched after being heated at 950°C for 30 minutes, 
divided into two groups, one of which was tempered for a 
range; of times at 230°C, and the other; was tempered for 
a range of times at 300°G. After , this heat treatment., 
the: specimens wrere subjected to s. c.c. testing in the 
manner, standardised by previous work in this programme.
The results of these experiments are reported in Tables 
26 and 27 and In Eigure 40. It will be seen that the 
effect of tempering at 250 °C after quenching was to induce 
susceptible behaviour In the alloy after a period of 
hours at temperature. ... Tempering at 300°C produced the 
transition in less than 20 minutes.
The second transition in behaviour shown by this 
alloy - that invoIving a return to immunity to s.c.c. - :
occurred after 24- hours when the material was tempered at 
700°0 after water-quenching. Previous work had shown 
that this transition was not achieved when the quenched 
material was tempered for times up to 100 hours at 500°C. 
Therefore, the two further temperatures that were 
selected for activation energy studies were in excess of 
500°G, and those chosen were 600°C and 800°G.
Specimens were water-quenched after being heated 
for 50 minutes at 950°G, and divided into two groups, one 
of which was tempered for a range of times at 600°C, and 
the other group for a range of times at 800°C. Both 
groups were then subjected to s.c.c. testing. The 
results of these experiments are given in Tables 28 and 29 
and in Pigure 41, from which it will be seen that the 
transition from susceptibility to immunity was achieved 
after tempering for 15 hours at 600°G, and after 50 
minutes when tempered at 800°C.
Thus, for each of the two transitions, the time 
needed to accomplish fully the processes involved in the 
transitions was determined at three temperature levels. 
These values were used to determine the activation energy 
involved in each of the transitions, according to the 
following justification:
Prom the Maxwell-Boltzmann distribution law, the 
probability of an atom having enough energy to jump from 
one site to another is proportional to:-
exp L -Q/kT J
where k = Boltzmann’s constant
T = temperature
Q = energy/atom in electron volts
The number of times that an atom makes a jump in unit 
time is, therefore, proportional to exp /~-Q/kf and 
the rate of jump is given by
Eate = A..exp /"-Q/kT J
where A = a constant involving frequency of vibration of 
the atom, Also,
Eate = A»exp L -Q/RT J
where E = kil, the gas constant, i.e. approximately 
2 cal/mole/degree, and allows Q to be expressed in 
calories/g.atom. For experimental determination,
la (Eate) = InA - Q/RT
If rate is then plotted versus the reciprocal of the 
temperature (°K), the slope of the resultant curve 
provides the vakue of Q/2 .
Table 30 shows the values of time and temperature 
that were plotted to produce Figure 4-2. For slope.Eo.1, 
that concerned with regaining immunity to s.c.c., it was 
found that
Q = 2 x 2.303 = 26.3 Ecal/mole.
1.75
For slope Eo.2, that concerned with the onset of 
susceptibility to s.c.c., it was found that
Q - 2 x 2.303 = 22 Kcal/mole.
2.1
The fact that these transitions 
some way to the presence in the iron of 
Figure A3, where,. in the absence of iln, 
its susceptible behaviour when tempered
can be related in 
1%Mn is shown by 
the iron retains 
at 700°C.
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FIGURE 4 0  EFFECT OF TEMPERING TE M P E R A T U R E  ON
THE IMMUNE/ SUSCEPTIBLE TRANSITION IN S.C.C. 
BEHAVIOUR OF Fg-*i%Mn ALLOY
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FIGURE 41 EFFECT OF TEMPERING TEMPERATURE ON
THE SUSCEPTIBLE/IMMUNE TRANSITION IN S.C.C. 
BEHAVIOUR OF F<s-*l%Mr ALLOY
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IN V O L V E D  IN THE T R A N S IT IO N S  IN THE V c  C BEHAVIOUR 
OF QUENCHED AND TEMPERED F«.-> l%M* A L L O Y
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13. EFFECT OF GRAIN SIZE OH S.O.C. BEHAVIOUR
13.1. Preliminary Investigation
Since s.c.c. is a grain boundary phenomenon in 
these materials, grain size and thus grain boundary area 
might affect the process, especially since it is thought 
that a condition for susceptibility is the presence at 
the grain boundary of a certain amount of interstitial 
elements that can show partition between grain and grain 
boundary. Thus, the larger the grain size, the smaller 
the grain boundary area, and the easier it should be to 
provide the necessary amount of partition that promotes 
susceptible behaviour.
The grain size variation within the material under 
study, Fe-1%Mn, is small after the various heat treatments 
that are applied to it during the assessment of its s.c.c. 
behaviour. It was thought that if a far greater diver­
gence of grain size could be induced in the material and 
its effect on s.c.c. behaviour established, then the 
s.c.c. results so far obtained could be interpreted in the 
light of that knowledge.
It was required.that specimens of the material be 
heat treated to a condition susceptible to s.c.c., 
retaining a divergence of grain size after heat treatment. 
Since, to obtain a valid comparison, the heat treatment to 
promote susceptibility had to be the same in all cases, 
it was feared that the heat treatment would override 
efforts to produce a varied grain size. In order to 
determine if the proposed programme was feasible, blank 
specimens were subjected to a trial investigation. The 
heat treatment selected to give susceptibility was one of 
water quenching the material from 950°G after 30 minutes 
at temperature and tempering for 5 hours at 500°C. It
will be seen from Figure 39 that such a treatment gives 
a s.c.c. behaviour that is far from any transition effect, 
and is completely susceptible.
To provide a variation in grain size, the as- 
received material (80% cold reduced) was thoroughly 
annealed by heating at 600°C in argon for 10 hours, and 
air cooled. Samples were subjected to a range of 
deformations by rolling and given a grain growth heat 
treatment of 10 hours at 690°G, followed by air cooling. 
Samples were taken for microscopic examination, and grain 
size measurements made using double traverses in three 
directions across the sample -- side to side, top to bottom 
and diagonally. The results of this work are given in 
Table 32 and in Figure 44, and show the critical amount 
of deformation to be 12-15%- A variation in grain size 
was obtained from 0 .02mm to 0 .07mm.
The specimens were then heated at 950°G for 30 
minutes and water quenched. It was thought that since 
the phase change Involved In passing from the ferrite 
region to the austenite region and back again was a 
nucleation and growth process, it might result in the 
variation in grain size being obliterated. Micro- 
sections were taken and their grain sizes measured by the 
technique previously described. The results of these 
experiments are given in Table 33 and in Figure 45, and 
show that the grain size variation still exists, although 
diminished in range to a maximum size of 0.054mm at 12%. 
deformation.
The material was then subjected to the heat treat­
ment that was selected for sensitisation to s.c.c., i.e.
5 hours at 500°0, followed by air cooling. Following 
this treatment, metaliographic samples were taken and 
grain sizes assessed. These results are shorn in Table
34 ana in Figure 46, and show an increase in grain size 
variation over that observed in the quenched condition of 
0.01mm, the maximum grain size increasing from 0.054mm to 
0 .063mm.
13 o2, Further Work Eased on Preliminary Results
From the results of the preliminary experiments, it 
was clear that the technique selected to produce specimens 
of a varied grain size in the same susceptible condition 
of heat treatment was feasible.
For an accurate comparison of time-to-fallure 
values, a standard thickness of compared specimens is 
required, .and since the specimens must be subjected to a 
variety of reductions in thickness to produce a varied 
grain si-ze, it was required to start with specimens of 
different thicknesses so that after cold reduction they 
would all conform to the standard thickness tested of 
0.030”. Material was obtained at a thickness of 0.05”, 
with a cold reduction of 60%. This was divided into five 
parts and each part further reduced by cold rolling to an 
extent such that after the further specific reduction, to 
which each part would be subject (in order to produce a 
varied grain size on annealing), the final thickness of all 
of the material would be the required 0.038”. The values 
of defcremation that were selected to produce the varied 
grain sizes after heat treatment and the resultant grain 
sizes, are shorn in Table 35 and in Figure 47- These 
were determined from metaliographic examination of the 
tested specimens, and show a variation in grain size in 
the range of 0.03mm to 0.07mm. The heat treatment used 
to produce this condition is the same as that reported in
the previous section, i.e. specimens were sheared to size 
after the material was initially rolled down from 0 .050”, 
annealed at 600°C for 10 hours, subjected to further cold 
reduction of varying extent, given a grain growth heat 
treatment of 10 hours at 690°C, air cooled, sheared again 
to size, water quenched after 30 minutes at 950°C and then 
sensitised to s.c.c. by heating at 500°0 for 5 hours, 
followed by air cooling.
The specimens of varied grain size were pickled 
in 5 vol.%HCl, washed and subjected to s.c.c. testing.
The results of these experiments are presented in Table 35 
and in Figure 48. This Figure shows the time-to-fallure 
values of the specimens plotted against the percentage 
deformation that the specimens received prior to the grain 
growth heat treatment. Superimposed upon the resultant 
curve is another Figure (Figure 47), which shows the grain 
size achieved after grain growth plotted against the per­
centage deformation that was required to produce that 
grain size.
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14 • : NATURE op TIKE- TO-FAILURE VALUE
There exists a possibility that a time-to-failure 
value comprises two distinct phenomena; firstly, an 
induction time before cracking is initiated, and secondly, 
the time for the initiated crack to progress through the 
material. Thus, a change in time-to-failure value could 
indicate a change, not in the time taken for the specimen 
to actually crack, but in the time taken to produce the 
start of that crack.
14-.1. Investigation of Presence of Induction Time
The material selected for this work was the Fe- 
1%Mn alloy, since it is manipulative in behaviour by means 
of heat treatment. Specimens of this material were water 
quenched from 950°C and then heat treated for 2 hours at 
500°C, followed by air cooling. Such a treatment is known 
to give a condition that gives a time-to-failure value of 
10 .hours under s.c.c. conditions, and this order of life 
is yehy suitable for assessing the existence of an 
induction time and the proportion of the time-to-failure 
value that it might occupy.
A programme was devised whereby specimens were 
removed from test an intervals before failure was thought 
likely to occur, and examined microscopically for signs of 
cracking. A wide divergence of results was obtained by 
this method, and it was eventually rejected as being too 
unreliable. A common problem was' that an apparently 
unattacked specimen often revealed a crack at another . 
level when further material was removed from its surface 
by re-preparation. Also, it was never certain what the
exact life of the specimen would have been, had the test 
not been interrupted and there was always the possibility 
that the specimen that showed no sign of failure Lip to 9 
hours, for instance, might have been a rogue specimen with 
a life untypical of the material. However, cracks were 
often found in specimens that had been removed from test 
after two thirds of the period that they could have been 
expected to last, and thus indications of an induction time 
were shown, if it was accepted that the crack observed was 
the one by xhiich the specimens would have eventually 
failed. It was therefore decided to examine the presence 
and character of the induction time by less direct methods.
14*.2» Nature of Induction Time
It was found in the previous work that the time-to- 
failure value given by s.c.c. specimens probably comprised, 
in part, an induction time prior to the stress corrosion 
crack traversing the specimen. Induction time is, 
therefore, a period of time at 110°C - the test temperature 
in the presence of a hot nitrate environment, to which the 
material must be subject under tensile stress before the 
initiation■of the s.c. crack. Before an understanding of 
the factors involved in the nature of the.induction period 
could be evolved, it was necessary to examine how critical 
each of the thrpe;conditions outlined above (stress, 
nitrate, 110°C) was to a successful induction period.
Only by assessing and eliminating variables could a clear 
picture be obtained, which in turn would help towards the 
understanding of the crack propagation part of the s.c.c. 
pro gramme.
Specimens of the He--1%hn alloy were water quenched 
from 950°G and heated in argon for 2 hours at 500°C, 
followed by air cooling. This heat treatment produces a - 
material with a s.c.c* life of about 10 hours* Specimens 
were subjected to two of the three test conditions for 15 
hours - this being a period amply sufficient for the 
conditioning effect of the induction period should it 
occur - and then subjected to normal conditions of testing. 
Under this system, rapid failure would indicate a 
successful induction process in the absence of the missing 
variable, and this could then-be left out of considerations 
of the mechanism involved, and an examination made of the 
dependence of induction time on either or both of the 
remaining variables.
The results of this series of experiments are 
given in Table 36, in Section 15*
The attempts to determine the length of time that
passes before cracking occurs in s.c.c* tests were
unsuccessful when a metallographic technique was used, and
an alternative method was sought. Other investigators
have used a method that involved the recording of the
potential behaviour of a material during the s.c.c. tests,
with the idea that cracking could be detected by a rapid
change in potential in an anodic direction, as fresh metal
was suddendly exposed to the environment by the formation
(2U-)
of a crack. This technique was used by Hoar and Hinesv J 
in an investigation of the s.c.c. behaviour of stainless
(711
steel, and by Gherardi et al. , investigating the 
inhibition of ammonium nitrate corrosion of mild steel.
It was thought that more information on the 
observed phenomena could be obtained by such a method as 
that above, and preliminary potentiometric tests of 
specimens subjected to a s.c.c. test were carried out,
using a sensitive potentiometer, and a calomel electrode 
linked to the s.c.c. test .by a salt bridge to prevent any 
adverse ecifect of the test temperature 011 the electrodeo 
Whilst being able to plot the macroscopic changes in 
potential during the s.c.c-, test, this method was unable 
to pick out any rapid changes in potential due to 
cracking, since the chances of this occurring at some time 
other than that at which a reading was being taken, were 
immense.
for the above reasons, it was decided to employ a 
recording potentiometer, of high sensitivity and rapid 
response. To overcome the effect of temperature upon a 
calomel electrode, a cathode of an identical material to 
that being tested was prepared by immersing it, unstressed, 
in the s.c.c. environment for a period of 4-8 hours prior 
to test, in order to allow it to reach a steady condition. 
The specimen under investigation was the"anode•of the- '■ 
circuit, and in this way a continuous plot of the 
variation in potential of the specimen was obtained from 
the time of its immersion in the s.c.c. environment until 
the time of failure. The standard rig was used in these 
experiments, except that the lid of the vessel containing 
the environment had facilities for the introduction of 
the electrodes and a thermometer. The apparatus is shown 
in Figure 49. The use of the elapsed time clock that 
forms a part of the standard rig allowed the point of 
failure to be determined accurately upon the potentio- 
metric plot, by comparing the elapsed time with the chart 
speed.
The majority of the experiments concentrated upon 
the Fe-1%Mn material that had been used a great deal in 
previous work. This allows manipulation of the time-to- 
failure value by suitable heat treatment. Further work 
concerned itself with the behaviour of some of the’ other
materials whose s.c.c. behaviour had been previously 
examined, in order to determine how their variation in 
s.c.c. behaviour related to their potentiometrie 
behaviouro
The potentials that are quoted in the reported 
work are those shown by the specimen under test when 
compared with a cathode of the same material prepared in 
the fashion described previously. All of these cathodes 
showed an anodic potential of 50 my. compared with a 
standard saturated calomel electrode.
The Fe~1%Mn alloy is immune to s.c.c. when water 
quenched after 30 minutes at 950°0 , and it was tested in 
this condition to show a basic behaviour from which 
susceptible conditions would deviate. The result of 
these tests (at least four of each test were performed to 
ensure that the behaviour recorded was typical of the 
material) is shown in Figure 50.
The Fe-1 %Mn alloy is also immune to s.c.c. when 
tempered for over 2-J- hours at 700°C, after being water 
quenched from 950°0 (Figure 51)?. and it was tested in this 
condition to compare the two states of immunity.
To enable repetition of previous tests, and thus 
to interpret those tests in the light of the potentio- 
metric results, specimens of the Fe-1%Mn alloy were water 
quenched from 950°C, followed by 2 hours at 500eC and air 
cooled, which is known to put the material into a 
condition that gives a time-to-failure value of about 10 
hours. Specimens in this condition were then subjected 
to a standard s.c.c. test, the potentiometric plot that 
resulted being shown in Figure 52.
Specimens of the Fe-1%Mn alloy in the above 
condition were also subjected to a series of tests to
to examine the various effects of the s.c.c. test 
conditions. Figures 53-56 show the potentiometric plots 
that resulted from these tests.
The iron is susceptible when tested after water 
quenching from 950°C, and remains so when the quenched 
material is tempered. The s.c.c. life of the material is 
about one hour under these conditions. Figure 57 shows 
the potentiometric behaviour of this material when 
subjected to a standard s.c.c. test, and Figure 58 shows 
its behaviour when tested at 100°C, instead of the usual 
temperature of 110°C.
The potentiometric behaviour of the Fe~1%Cr alloy 
and that of the Fe-0.5%Ti alloy, under s.c.c. test 
conditions, shows no difference from that of immune Fe- 
1%Mn (Figure 50).- Both of these alloys exhibited complete 
immunity to s.c.c. during the previous study.
The potentiometric behaviour of the Fe-1%Ni alloy 
was similar to that of the iron basis (Figure 57)? as was 
that of the Fe-0.5%A1, except that the life of this 
material was longer than that of the iron basis, and its 
behaviour is shorn in Figure 59*
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Thu fact that the iron failed in about one hour 
(Figure 6) represents SoC.e. failure in a material with a 
lower carbon content than previously reported as being 
susceptible in the quenched condition. Certainly, with 
such a material, in such a condition, there can be little 
question of carbides playing any part in the process.
This would seem to support the work by Uhlig, who claims 
that even with very low interstitial material, there can 
be sufficient carbon to play a vital role in the mechanism 
of failure. Indeed, he claims this to be a controlling 
feature, and immunity is only achieved in the quenched 
condition with a carbon value of less than 20 ppm for the 
material that he used, and it was pointed out that this 
carbon value might be even lower for a different iron, 
depending upon the presence of other un-analysed 
constituents. There remains the possibility, of course, 
that the conclusion which had been drawn from previous 
work - that carbon and nitrogen are responsible for the 
s.c,c, susceptibility - was a false one, and some other 
factor was responsible.
However, the behaviour of the iron when tested, 
after the removal of a small amount of its interstitial 
content, showed that the interstitials are of importance 
in the mechanism of failure by s.c.c. By removing what 
must have been only a very small amount of interstitials 
(since the carbon and nitrogen contents of the iron were 
both less than 0 .001% -before treatment), there was a 
displacement of s.c.c. behaviour in the direction of 
immunity (Figure 13)* (Nitrogen has been found to have a 
similar effect on the-s.c.c. behaviour of iron-base
m a t e r i a l s ’ ? pj^ d in future reference to the role played 
by carbon, nitrogen is assumed to have an additive effect).
In the material under investigation, s.c.c. is a 
grain boundary phenomenon, end since carbon is known to 
play a role in s.c.c., it is reasonable to assume that 
there must be an interaction between the grain boundary( O \
-and the carbon in some way. Parkins^ J proposed that the
presence of cementite in mild steel, when in a grain
boundary siting, put the grain boundary area into an even
higher state of distortion than its inherent condition,
with the result that the ferrite in the region of the
carbide particles became more disturbed then elsewhere,
allowing it to become anodic to the rest of the grain.
The consequence of this was to promote severe localized
corrosion at the grain boundary. A change in the
distribution of cementite from a pearlitic to a grain
boundary globular form promoted susceptibility, this being
a basis for Parkins’ suggestions. Parkins minimised the
effect of nitrogen in s.c.c., and said that the most
important element was carbon. In attempting to apply
Parkins’ ideas to the material under investigation,
immediate contradictions make themselves apparent. It
■would seem that the very low levels of carbon in the
materials reported here would not give rise to cementite
formation, especially when quenched from 950°C, (in which
condition the material was susceptible to s.c.c., unless
subjected to an interstitial-removing treatment). Plis 
(72}et al.w  J studied the s.c.c. behaviour of pure iron 
whiskers in ammonium nitre,te solution. They found 
susceptible behaviour after heating the iron to above 
910°C, and interpreted this in terms of the free energy of 
iron atoms .at grain-boundaries and-in grains,, making the 
assumption that, at the level of impurity with which they 
were concerned, the impurity could play little part in the
s.c.c. process. On applying these ideas to the "behaviour
of the materials being reported here, contradictions again
become apparent. If susceptibility could be caused by
the inherent activity of the grain boundary Itself, then
the initial immunity, shorn by the iron under examination
when quenched from 950°C after being subjected to an
interstitial-removing treatment, could not have been
obtained. It was obtained, however, and this must
therefore throw doubt upon the conclusions reached by Plis.
The totally immune behaviour of floating-zone refined 
(12)ironv also prompts the same conclusion. Uhlig proposed
Mo)a mechanism' discussed previously, that involved the
interaction of interstitials and dislocations at the
grain boundary to promote the conditions required for
susceptible behaviour. The level of carbon solubility
— 5in a-iron is very low, being In the order of 4 x 10 wt.% at
(74)150°-CW • y on tempering after quenching, the formation
of transition carbides could be a possibility. At least, 
migration of carbon could be expected to occur, and the 
possibility that the arrival of this carbon at the grain 
boundaries of the iron coincides with any feature of the 
mechanism of s.c.c. failure must be considered. If this 
should be the cane, then it would seem that Uhlig’s 
theory is correct in this aspect.
The Te-1%Cr and Pe-1%Ni alloys were selected to
to assess the effect of carbon location, relative to the
grain boundaries, on the s.c.c. mechanism. The
(69)conclusions presented by Zavialov and Brukv ' indicate 
that if the Iron were to be alloyed with a small amount 
of a carbide-forming element, a programme of quenching 
and tempering would result in the suppression of carbon 
at the grain boundaries of the material. If this is a 
critical factor in the mechanism of s.c.c., then such a 
material should show essential immunity. If, however, a
small amount of a graph.itising element were added to the 
iron, then a programme of quenching and tempering would 
result in the location of carbon at the grain-boundaries, 
with the consequence of susceptibility to s.c.c, 'Table 7 
shows a list of elements arranged in descending order of 
carbide-forming tendency, and it will be seen that Cr has 
a greater tendency than iron, and nickel a lesser tendency 
to form carbides.
The 1?oOr alloy remained completely immune to s.c.c 
throughout all programmes of heat treatment applied to it 
(figures 6 and 7). The 1%Ni alloy behaved similarly to 
the iron, showing susceptibility to s.c.c. (Figures 6 and 
7). It might have been expected that the Fe-1%Ni alloy 
would show a greater susceptibility to s.c. cracking than 
the iron, since the location of carbon at the grain 
boundaries Is supposedly more likely in that alloy. One 
clear difference was observed in the s.c.c. behaviour of 
the iron and the Fe-1/hii alloy - the mode of cracking. 
Figure 12 shows a typical s.c. crack that occurs in the 
iron. The shape of the cracks in this material did not 
vary greatly under any condition of heat treatment.
Figure 11 shows a crack that has the maximum complexity of 
crack path observed in the iron, and even this shows 
failure by one major crack, with minor grain boundary 
cracking.
Figure 22 shows the typical crack pattern observed 
in the Fe-1%Ui alloy, and illustrates the large number of 
’intererystalline cracks that are commonly observed in this 
material after failure by s.c.c. This is a totally 
different crack distribution from that observed in the 
iron. So, although the time-to-failure values that were 
obtained in s.c.c. tests of this alloy showed little 
difference from those of the iron, It is obvious*that the
presence in the alloy of 1^hi is having some effect.
When the Fe-1%Ni alloy was subjected to a heat treatment 
to further lower its interstitial content, it produced a 
time-to-failure value very'similar to that of iron in the 
same condition (Figure 27). Figure 26 shows a typical 
fracture of the alloy in this condition and it will be 
seen that the mode of crack progression has changed to 
become very similar to that shown by the iron. Micro­
scopic examination of many samples ensured that the 
complex crack pattern normally shown by the 1%Ni alloy 
was typical, and not a function of grain size (illustrated 
by the complex crack pattern in a larger grain size 
sample, shown in Figure 24).
The conclusion may be drawn that the iron is 
quite capable of placing sufficient carbon at the grain 
boundaries to give failure along a favoured boundary, 
whereas the presence of 1?aMi promotes a greater number of 
suitable grain boundaries due to its ability to enhance 
grain boundary location of carbon, compared with the iron.
Thus it would seem that the effect of substitutional 
elements on the s.c.c. behaviour of iron could be inter­
preted in terms of the carbide forming power of the added 
substitutional element. However, before such a 
conclusion could be assumed to have validity, it had to be 
confirmed by forecasting the behaviour of a further set of 
alloys on the basis of that conclusion, and following this 
by an assessment of their s.c.c. behaviour by experiment. 
Two further alloys were selected and tested. One of these 
had an addition element similar to chromium and the other 
had an addition element similar to nickel, with respect to 
their carbide forming tendencies relative to iron. The 
alloy compositions were Fe-0.5%ii and Fe-0.5%A1.
Reference to Table 7 indicated that the Fe-0.5%Ti alloy
should show immunity to s.c.c., similar to the behaviour? 
of the 1‘#Cr alloy, since TI has a higher carbide-forming 
tendency than iron, and should inhibit the grain boundary 
location of carbon. The Fe~0.5%Al alloy could be 
expected to show susceptibility for the same reason as the 
1/£Mi alloy, i.e. it would promote the grain boundary 
location of carbon.
The behaviour of these alloys (Figures 6 and 7) 
conformed to that forecast by the above reasoning, 
adding strength to the proposal that carbide-forming 
elements affect the iron basis to give it immunity under 
s.c.c. conditions, and graphitising elements do not hinder 
the susceptible behaviour of the iron.
The graphitising elements are not as positive in 
effect as the carbide-formers, and In particular, the 
Fe-0.y%Al alloy showed a s.c.c. behaviour that was, to some 
extent, contradictory, in that whilst agreeing with the 
forecast of susceptibility, its time-to-failure value when 
tested without having been subject to further removal of 
interstitials, was greater than that of the basis iron, 
being closer to two hours (Figure 6). When tested in the 
quenched and tempered condition, after the removal of 
further interstitials by wet hydrogen, the expected decay 
of initial immunity on tempering (as shown by the iron 
and the Fe-1/oNi alloy) did not occur, and the material 
remained immune (Figure 28). Microscopic examination of 
the cracked area showed the nature of failure to be 
similar to that of the iron, rather than similar to that 
of the Fe-1/oNi alloy, which the argument presented In the 
preceeding paragraph would have predicted. These factors 
are explained-when the nitride-forming nature of aluminium 
is considered. At an earlier point in this thesis, it 
was stated that reference to the role of carbon also 
implied reference to nitrogen which has a similar and
additive effect to that of carbon in the s.c.c. process.
Whilst aluminium is classed as a graphitising•element, it
has the property of producing stable nitrides. Thus, when
quenched and tempered, it would promote the grain boundary
location of carbon whilst preventing a similar location of
nitrogen. The point of balance gave a s.c.c. behaviour
very similar to that of the unalloyed iron, with a slightly
extended s.c.c. life, but a very similar pattern of crack
progression. The complete immunity shown by the alloy
when quenched and tempered after removal of interstitials
by wet hydrogen can be explained in the same way. The
temperature at which this material was held during the
hydrogen treatment (730°C Tor 48 hours) is close to the
temperature range where the formation of AIN is at a
(75)maximum! , Therefore, added to the effect of hydrogen 
in removing interstitials from the material, there is the 
scavenging effect of the aluminium that is not present in 
the other materials that contain graphitising elements.
The result must be an even lower level of interstitial 
solute than that present in the iron and In the Fe-1%Ni 
alloy. The iron and-the Fe-1%NI alloy show considerable 
displacement of s.c.c. behaviour towards immunity after 
this treatment, and it can be reasonably expected that the 
behaviour displacement will be greater when an even more 
effective interstitial removing treatment has occurred. 
Thus, the Fe-0.5%A1 alloy shows continued immunity.
The alloys examined so far had shown either 
susceptibility or immunity to s.c.c., and changes in 
behaviour had only been brought about by annealing the 
cold rolled materials, or by providing a temporary Immunity 
to - susceptible materials by the-removal of interstitials. 
Thus, the manipulation of s.c.c. behaviour by heat treat­
ment was of a limited nature. It was felt that an alloy
that showed a greater diversity of behaviour would be 
advantage for further study, and a means whereby this might 
be achieved was sought. Three possibilities presented 
themselves
(1) Since the addition of 1%Cr to the pure iron 
produced an alloy that was completely immune to s.c.c., 
there must exist an alloy of less than 1%Cr where the 
immunity given by the addition of Cr was marginal, and 
suitable heat treatment might provide a reversible 
transition in s.c.c. behaviour.
(2) The addition of Ni to the Fe-1%Cr alloy should, 
if the ideas formulated from previous experiments were 
correct, give an alloy in which the Cr and the Ni were 
competing for the control of the positioning of the carbon 
within the alloy, and this might be sensitive to heat 
treatment.
(3) The concept that the effect on s.c.c. of an 
addition element made to the iron bears some proportional 
relationship to the carbide-forming power of that element 
should make possible the selection of an addition element 
with a carbide-forming strength slightly higher than that 
of the iron, thus giving an intermediate behaviour between 
that of the iron and the Fe-1%Cr.
A further alloy was selected on the basis of (3)? 
and an Fe-1%Mn alloy was chosen for further work.. Table 7 
shows the carbide-forming power of Mn to be above that of 
iron, but immediately so.
This alloy composition did produce transitional 
behaviour, changing from immunity, in the water quenched 
condition, to susceptibility, when the quenched material 
was tempered for 30 minutes at temperatures above 200*C,
(Figure 6)* Such a series of results firmly supports the 
conclusions that were the basis upon which the alloy 
selection was made* The results that were obtained when 
the material was subjected to a wet hydrogen heat treatment, 
when compared with the results obtained in its original 
condition, produce a very similar pattern of behaviour 
except that the onset of susceptible behaviour in the 
lower interstitial material was displaced to higher 
tempering temperatures, (Figure This behaviour
confirms that the mechanism of susceptibility involves an 
interaction between the iron, the manganese (or other 
selected addition element), and the interstitial content of 
the alloy. An unexpected phenomenon was shown by this 
material, in that by heat treatment at 700°C, a second 
transition in s.c.c* behaviour was produced, and the 
material returned from the susceptible to the immune state.
The alloy of Fe~1%f!n, therefore, exhibits the 
action of some critical factor, or factors, that are a 
vital part of the mechanism of s.c.c., and an understanding 
of the factors involved would also explain the behaviour of 
the other materials studied - both those that are 
essentially immune and those which are essentially 
susceptible.
It has been suggested that the onset of suscepti­
bility to s.c.c. shown by these materials corresponds with 
the arrival at the grain boundaries of carbon, or to the 
formation of intermediate carbides due to that arrival.
The onset of immunity in a previously susceptible material 
must, therefore, presumably be due to the removal of that 
carbon from the role that it occupies in the s.c.c. 
mechanism. If all other factors remain constant in their 
ability to promote susceptible behaviour, then the onset 
of immunity could be due either to the removal of-the
carbon from the location where it can fulfill its role in 
producing susceptibility, or to the prevention of it 
fulfilling that role whilst in the same location. The 
Fe-1/uMn alloy showed a transition from immunity to 
susceptibility and also a transition from susceptibility 
back to immunity when tempered after being water quenched. 
The iron basis of this alloy did not show either 
transition (Figure 43) ? and therefore the experimental 
observations must be capable of interpretation in terms of 
the effect of the addition of 1/bTIn to that basis upon the 
relationship of the carbon with the grain boundary, if the 
suggestions concerning the role of the carbon and sub­
stitutional elements that have been made earlier are to 
remain tenable.
The immune/susceptible transition occurs when 
quenched Fe-1%Iln specimens are tempered at low temperatures, 
or for short times at high temperatures, after quenching.
The iron basis from which this alloy stems does not show 
this transition, being susceptible when tested in the water 
quenched condition, and remaining susceptible when 
tempered for a range of times at various temperatures.
This susceptibility shown by the iron was said to be caused 
by the location of carbon at the grain boundaries of the 
material, and this is easily acceptable if such a behaviour 
is considered after tempering the quenched material, since 
the carbon would tend to migrate to the grain boundaries 
on tempering. The susceptibility that is shown by the 
iron in the quenched condition must also be explained, 
however, where the effect of tempering on carbon movement 
is missing, and two possible explanations present themselves 
for consideration. The first of these assumes that since 
it is expected that there would be an even distribution 
of carbon.throughout, grain and grain boundary when quenched 
from 930°G, then there was sufficient carbon in the material
to give the critical amount of carbon at the grain 
boundaries in the quenched condition to allow susceptible 
behaviour. The second possibility is that there was not 
sufficient carbon at the grain boundaries as-quenched, but 
that testing conditions allowed sufficient carbon to 
locate at the boundaries to give susceptibility to s.c.c. 
This second possibility could easily be accomplished by 
the dislocation movement that occurs when the specimen is 
strained prior to test, under which conditions dislocations, 
either already present or generated by the straining, might 
be expected to run through the grain to the boundary, taking 
with them the associated atmospheres of interstitials.
Thus, the effect of adding 1%lln to the basis iron could 
either have prevented the location of the carbon at the 
grain boundaries of the alloy at 950°C, and therefore also 
in the quenched condition, or alternatively have prevented 
the carbon moving to the boundary on straining, depending 
upon which of the possibilities outlined to explain the as- 
quenched susceptibility of the basis iron operates in fact.
('69')
From the work of Zavialov and Brukv , who showed 
an equal distribution of addition elements and interstitials 
throughout grain and grain boundary in similar material 
when quenched from above 900°C, the first of the two 
possible mechanisms suggested does not seem likely, and 
the possibility of the formation of manganese carbide at 
950°C at this level of carbon concent does not arise. 
Therefore, the removal of carbon to a preferential siting 
which prevents s.c.c. susceptibility in the quenched 
condition by this mechanism may be rejected as very 
unlikely.
Therefore, from the above, it is concluded that the 
presence of manganese prevents the carbon reaching the 
grain boundary by some mechanism that occurs after quenching
and before, or during testing. Since, in the iron basis., 
it has been shown likely that the carbon reaches the grain 
boundary by being taken there by dislocation movement on 
straining before testing in the s.c.c. environment, two 
ways in which the manganese might interfere with this 
process can be outlined for consideration. The manganese 
could either prevent the carbon itself going to the 
boundary, or it could prevent the dislocations that carry 
the carbon moving in that direction.
The first of the above alternatives would depend 
upon ihe attraction of the manganese for the carbon at 
room and test temperatures. Since this is of a greater 
magnitude than the attraction of the iron for the carbon, 
it would seem to be possible at first sight. However, 
reference to Figure 40 shows that tempering at temperatures 
in the order of 200°C to 300°C can produce susceptibility 
in the material in times at temperature from 14 hours down 
to 20 minutes, respectively. If the process were in fact 
a simple attraction between the manganese atoms and the 
carbon at the test temperature of 110 °0 , there is no 
reason why such a process should cease to be operative at 
slightly higher temperatures - in fact, the reverse would 
be expected with.the immunity of the material becoming even 
more firmly established at the higher tempering 
temperatures, instead of the change in behaviour shown by 
experiments (This reasoning also applies to any other 
process that might be envisaged as being accomplished by 
the test temperature, such a process not being of 
importance in the s.c.c. mechanism. Table 36? Section 
(1) shows that heating at 110°C, prior to test,-had no 
effect on the s.c.c. life of the Fe-1%Mn alloy).
The second proposition, that of preventing carbon 
reaching the grain boundaries by hindrance of dislocation 
movement to that area when the material is strained prior
to testing in the s.c.c. environment, agrees with accepted 
ideas of solid solution strengthening. Under the 
conditions of a s.c.c. test, the presence of a suhstitutrenal 
addition element in the iron would accomplish this 
restriction of dislocation movement when the specimen Is 
bent into the standard V-shape prior to immersion in the 
boiling test solution. This results in the carbon atmos­
pheres associated with the dislocations being prevented 
from reaching the grain boundaries of the material and 
immunity to s.c.c. is shown in the as-quenched, and 
quenched and tempered for 30 minutes at 200°C, conditions. 
Tempering for longer times at 200°C, or for shorter times 
at increased temperatures results in susceptibility, and it 
is proposed that such treatments allox^ the dislocations 
already present in the material to move toxmrds the 
boundary prior to straining, eventually giving sufficient 
carbon in that area, to promote susceptibility.
If the above ideas on the effect of substitutional 
elements on the s.c.c. mechanism are accepted as plausible, 
the question arises as to why the addition of an element, 
such as 1%I\Ti, does not give a similar behaviour to that of 
1 %¥m when tested in the quenched condition, since this 
substitutional element is also capable of giving the solid 
solution strengthening by hindrance of dislocation move­
ment shown by manganese, and tin, Fe~1%!Ti alloy should, on 
this basis, also show initial immunity. In fact, It 
fails within an hour under test. This should be 
contrasted with forecasts on the effect of graphitising 
elements made earlier, where it was expected that the effect 
of such elements would be to produce greater susceptibility 
in behaviour than that shown by the iron basis from which 
these alloys stem, due to the ability of graphitising 
elements to promote grain boundary carbon. In practice, 
the lives of the iron basis and the Fe-1%Ui alloy were very
similar, differing only in the higher density of cracks in 
the Fe-1%ITi alloy.
The proposal that the addition of 1%lli can have a 
similar effect as Tuf-ln upon the hindrance of dislocation 
movement in iron Is not disputed. Therefore, since nickel 
also has the capacity to promote carbon diffusion to the 
grain boundaries of the material, it would appear that 
instead of having a situation where the movement of 
dislocations to the grain boundaries is then followed by 
the slower movement of associated interstitial atmospheres, 
as in the Fe-1%Mn alloy, the increased activity of. the 
carbon caused by the presence of nickel allows the carbon 
atmospheres to follow the moving dislocations immediately. 
This has the effect of compensating for the hindrance of 
dislocation movement, and the net result is a behaviour 
very much the same as that shown by the unalloyed iron.
The behaviour of the alloys that contained stronger 
carbide-forming elements than iron and showed immunity 
under all tested conditions can also be reviewed in the 
light of the foregoing discussion. It may be concluded 
that these also hinder dislocation movement by solid 
solution strengthening, but when the dislocations eventually 
do go to the grain boundaries, they leave behind the carbon 
that is present in the material associated with the 
addition element. Since carbon is, therefore, prevented 
from reaching the grain boundaries, a pattern of immune 
behaviour to s.c.c. is established.
Thus, it would appear that the first transition in 
behaviour that is observed on testing the s.c.c^ properties 
of quenched, and quenched an tempered samples of the Fe- 
1%1-tn alloy, Is the result of carbon arriving at the grain 
boundaries of the material after being initially delayed 
by the effect of the manganese upon the migration of
dislocations through the lattice, and possibly by the added
effect of the manganese-carbon attraction slowing down the
movement of the carbon as it follows the dislocations when
they eventually move. The observed activation energy for
the process is 22 Kcal/mole, (Figure 42). Reported values
for the activation energy of carbon diffusion in a-iron
(76 7n)vary between 18 and 26 Kcal/mole w  * and a probable
link is established. A higher value of activation energy 
might have been expected in the present work because of the 
effect of manganese suggested above, but the value found in 
the present work clearly indicates a phenomenon of carbon 
diffusion, and equally clearly rules out the possibility 
of a process controlled by self-diffusion of the iron 
(60 K c a l / m o l e ) , or by the diffusion of manganese, which 
can be expected to have an even higher value of activation 
energy.
The susceptible/immune transition in s.c.c. 
behaviour occurs when the quenched Fe-1%Kn alloy is tempered 
at higher temperatures before being strained in the test 
environment. The material firstly goes through a trans­
ition from immunity to susceptibility at short tempering 
times, followed-by a reversal of behaviour at longer 
tempering times. A mechanism to explain the onset of the 
susceptible behaviour has been put forward in terms of 
carbon arriving at the grain boundaries of the material, • 
where it fulfills a critical role in the s.c.c. mechanism. 
Thus, the return to immune behaviour shown by the material ' 
must be explained in terms of the effect of the 1/fin 
addition causing the carbon either to leave the critical 
grain boundary.position, or to prevent it fulfilling its 
role in the s.c.c. mechanism whilst still in site at the 
grain boundary. The fact that this transition in 
behaviour, may'be directly linked to the presence of the
1%rin in the alloy is shown by the continuing susceptible 
behaviour exhibited by the iron, as shown in Table 31 and 
Figure 43.
It is possible that at the tempering temperatures 
involved in inducing this second behaviour transition, 
manganese could diffuse towards the grain boundaries of 
the material. This could result in the effective removal 
of carbon from the role it occupied before manganese 
arrived at the grain boundary, if the manganese were to 
satisfy its carbide-forming tendencies and thus tie up the 
carbon. Therefore, this is one possible mechanism that 
must be considered as the means whereby immunity is 
achieved.
A second possible mechanism must be considered, 
this being implied in the foregoing discussion on the 
first transition that is observed on tempering this alloy, 
i.e. the caoice of sites that are available to carbon with 
a consequent energetic advantage to the matrix. It can 
locate at dislocations, after the Cottrell atmosphere 
model, or it can associate with the manganese atoms as 
outlined above. This association with the manganese is 
likely to exert an increasing effect, relative to 
dislocation siting, at the higher tempering temperatures 
involved, and as well as the possibilitqr of manganese 
diffusion to the boundary the possibility of carbon 
dissociation from the grain boundary (i.e. dislocation 
siting), and migration towards the manganese must be 
considered. This would result in the loss of carbon 
from its vital grain boundary position, and thus immune 
behaviour would result. This process may be aided by the 
tendency of the dislocations with which the carbon is 
associated to anneal partially out at these higher 
temperatures, freeing the carbon for its return to
associate with the manganese.
The series of experiments that were carried out to 
determine the activation energy involved in regaining 
immunity gave a result of 26 Kcal/mole (Figure 42), which 
corresponds with the activation energy reported-for the 
diffusion of carbon in cc-iron (18-26 Kcal/mole). The 
activation energy for the diffusion of manganese in a-iron 
would be a much higher value, and thus it appears that of 
the two possibilities put forward to explain the onset of 
immunity, (manganese diffusion to the grain boundaries, 
or carbon diffusion away from the grain boundaries and 
towards the manganese), carbon diffusion is the process 
which controls the change in behaviour.
Uhlig^ ^  , in work on steels of a higher inter­
stitial content, also determined the activation energies 
involved in the s.c.c. mechanism. He reports activation 
energies in the order of 38 Kcal/mole to achieve immunity 
and reached the conclusion that, for the materials that he 
studied, the important process in s.c.c. is not limited 
by the diffusion of iron atoms (60 Kcal/mole), or by the 
diffusion of interstitial aefcoms. He relates the observed 
activation energy with the freeing of interstitial atoms 
by the dissolution of carbides and nitrides within the 
ferrite grains,, in order to allow them to take part in 
the s.c.c. process. The higher interstitial content of 
the material that Uhlig reports, compared with the alloys 
being examined in the present work, might account for the 
divergence of the observed values of activation energies, 
since it is not envisaged that the formation and 
consequent dissolution of carbides and nitrides is a part 
of the process involved in the present, very low, inter­
stitial materials.
13*2. Effect of Grain Size
The experiments concerned with the effect of grain 
size on the s.c.c. of the 1%Mn alloy show some correlation 
between these factors (Figures 47 and 48). Above 8-10% 
deformation, there is a decrease in s.c.c. life as grain 
size decreases. Below this value of deformation, the 
reverse is shown, but this is almost certainly due to the 
fact that this region is below the critical deformation 
value and therefore retains some of the s.c.c. character­
istics of a cold rolled material, which work in the present 
programme has shown to be immune (Figure 7)*
‘The indications that a decrease in grain size leads 
to a more susceptible material represent the reverse of the 
behaviour expected. From the point of view of the need 
for a critical amount of carbon being present at the grain 
boundary to produce susceptibility, it would seem that the 
larger the grain size the more easily would this amount be 
achieved. However, from the present results, it would 
seem that once that amount has arrived at the grain 
boundary, susceptibility occurs, and an increase in the 
amount does not increase susceptibility, but in fact may 
cause the reverse to happen. But other considerations 
would also lead to the conclusion that the first 
assumption, conflicting with the experimental evidence, was 
true. For instance, with a smaller grain size, the path 
that an intercrystalline crack follows would be more 
tortuous than the path followed in a material with a 
larger grain size. Also, should dislocations play a part 
in crack initiation, then the larger the grain size, the 
more likely it is that the number of dislocations present 
within a grain would be high enough to form that crack when 
stacked against a grain boundary, should they locate there. 
Since these last observations are about quite probable
phenomena, their effect has presumably been overcome by 
some other factor.
It is proposed that an overriding factor that 
promoted increased susceptibility with an increased grain 
boundary density, is that such a condition provides an 
increased number of possible sites for the initiation of 
the crack at the metal/environment interface. Since grain 
boundary condition is a critical factor in s.c.c. suscept­
ibility, then it would appear that the greater the number 
of boundaries that are presented to the environment, the 
greater the possibility of the rapid onset of crack 
formation and thus the more rapid the time-to-failure.
This implies that there is a period of time - an induction 
time - before crack progression occurs, this being a
( pzl rpR}
phenomenon that has been observed in other materials^ .
This implication raises many questions about the work that 
has gone before in this thesis, as to whether the variation 
in s.c.c. life that has been found in various conditions 
of heat treatment is due to a variation in the time of 
crack progression, or of time before crack progression 
occurs. It was, therefore, decided to examine this 
aspect in order to determine the presence of an induction 
time, and to assess the effect of the test conditions upon 
such a time, should It be apparent, and upon crack 
progression.
The work on the effect of grain size was initiated 
to see if the results of previous experiments were 
affected by grain size, and thus if any interpretation on 
those results with regard to grain size effects was 
required. The material used in previous experiments was 
heat treated from an 80% cold rolled condition, and 
Figure 47 showrs that_ above 30% reduction there is little 
further variation in grain size, and thus the same lack of
variation existed throughout the test specimens.
Figure 48 shows that above 25% reduction (with its Implied 
grain size) the life of the material levels off at 10 hours, 
and this life has been found for the material in the 
previous experiments under question. These observations 
show that no adjustment need be made to the results 
obtained for s.c.c. life in previous work to allow for 
grain size variation. The experiments upon the effect of 
grain size have the result of raising the question of the 
existence and character of induction time before crack 
progression, as their major contribution to this programme.
An examination of the possibility of the difference 
in grain sizes shown by the different alloys tested being 
the factor causing the variation in s.c.c. behaviour 
observed, showed that there was no foundation for such a 
conclusion. The photographs of the various structures 
indicate the range of grain sizes involved, and also show 
that no pattern of s.c.c. behaviour can be obtained on 
such . basis.
15*3* Nature of Time-to-Failure Value
The results obtained from the experiments on 
induction time, reported in Section (2), in Table 36, show 
a s.c.c. life of 11.5 hours for 1%Mh specimens that had 
been previously subjected to 15 hours at 110°G under argon 
whilst under standard test conditions of stress, before 
being subjected to the normal s.c.c. testing procedure 
established for this programme. Since the life of the 
material was not affected by the pre-treatment above, it is 
clear that in the absence of nitrate, the combined action 
of stress and 110°0 do not affect the necessary
conditioning of the metal surface during the induction 
time.
TABLE 56
Effect of further treatment on the s.co_c. 
behaviour of Ee-1%Hn,_heat treated by W . Q .
from,950°0? followed by 2 hours at 500°C,
air cooled.
Description of further ! S.c.c. Life, hours 
treatment j .average of 5 tests
'
(1) Heated at 110°C under 
• argon for 15 hours, then
tested
(2) Stressed at 110°G under 
argon (i.e. no HO^) for 15 
hours, then tested
11.2
11.5
(3) Heated at 110°C in 
HOH solution for 15 hours 
(i?e. no stress) then 
tested
1.2
(4) Stressed in HOC 
solution for 15 hours at 
room temp., (i.e. no 110°C), 
then tested
.
1.8
-
(5) 15 hours at room temp, 
in NO* solution (i.e. no 
110°C, no stress), then 
tested
2,2
(6) 15 hours at 110*0 in 
B3U solution (i.e. same as 
(2?, no stress), then tested 
at room temperature
>200
■
The results of section (3)? in Table 36, show that 
the requirements of the induction period are satisfied 
when the material is placed in the nitrate environment at 
110°0 for 15 hours, since the s.c.c. life of the material 
on testing after this pre-treatment is reduced from the 
expected value of about 10 hours, to a little over one 
hour. Thus, it can be concluded that stress is not 
important in that portion of the time-to-failure value 
that is occupied by the induction time, and consequently, 
it must only play a part in the failure mechanism in the 
latter part of the s.c.c. life of a material.
The results of section (4), Table 36, indicated 
that the conditioning of the metal surface that occurs 
during the induction period could be accomplished in cold 
nitrate alone, since although these tests comprised a pre­
treatment under stress in cold nitrate (room temperature), 
the results of section (3) show that stress is not 
important. To verify this, further samples were placed 
in nitrate solution at room temperature for 15 hours, 
without being stressed, and then tested, (Figure 36). 
Failure values of a little over two hours were observed, 
showing that of the three test conditions of stress, 
temperature and nitrate environment, only the presence of 
the nitrate solution is required to accomplish the 
induction process that leads to cracking. The implication 
of this is that the test temperature, as well as the 
obvious requirements of stress and the presence of the 
nitrate environment, is a requirement for the crack pro­
gression part of the failure mechanism that occurs after 
satisfactory conditioning during the induction period.
To verify the above conclusion, specimens of the 
alloy were subjected to a pre-treatment identical to that 
of section (3), Table 36, i.e. a treatment that is known to
satisfy the requirements of the induction period and allow 
crack progression, and then placed under the standard 
s.c.c. test of the programme, except that it was 
conducted at room temperature* Consistent immunity under 
these conditions, section (6), Table 36? confirmed the 
conclusions outlined above, that the temperature of 110°C 
used in routine testing is of importance only in the final 
stages of a material’s life when the crack stents to 
progress through the material. Stress and a suitable 
environment are also requisites of crack progression, 
since s.c.c. failure is not found in the absence of either 
of these two factors.
It has been indicated by the foregoing series of 
experiments that a time-to-failure value is the summation - 
of the time required to accomplish two stages of the s.c.c. 
process. Firstly, there is an induction period, during 
which the process of conditioning the metal surface occurs, 
prior to crack propagation. This process is a relation­
ship between the metal surface and the environment, in 
which stress and temperature play little part. Secondly, 
there is the stage of crack propagation, in which stress, 
environment and the test temperature of 110°C are all 
necessary factors. The metallographic work that was 
carried out to attempt to assess the amount of the time-to- 
failure value taken up by induction, indicated that cracks 
formed sooner than the 1-2 hours before failure, as 
produced by conditioning before testing. However, this 
consistent failure of the material In 1-2 hours, when pre­
test conditioned, indicates that complete crack 
propagation can be achieved in 1-2 hours, and it is 
possible that the cracks observed at an earlier point in a 
standard test need not be the ones by which the specimen 
eventually fails. It can be concluded that, since
cracking can occur so rapidly, that crack propagation is 
not the limiting stage of the two, and that an increase in 
s.c.c. life represents an increase in the induction period 
before crack propagation is allowed to occur.
15-4. Potentiometric Investigation
'The alloy series Pe-1^Cr, Fe-0.5/£Ti and Pe-I^rln 
(when suitably heat treated), are all immune to s.c.c.
A study of the potentiometric plots of these materials 
whilst undergoing a s.c.c. test are all remarkably similar, 
both from alloy to alloy, and also the two separate 
conditions of heat treatment that produce immunity in the 
Pe-1%Mn alloy. The cathode that was. used in each case 
was a water-quenched sample of the same material as that 
undergoing test, that had' been subjected to the s.c.c. 
environment, unstressed, for a period of 48 hours before 
being used as a cathode. In all cases of immune 
behaviour, on initial immersion into the environment the 
specimen undergoing the s.c.c. test showed a potential 
that was some 325-350 millivolts more anodic than the 
cathode. The potential of the specimen rapidly became 
more cathodic over a period of about 1-J- hours, fluctuating 
about the average path, until the behaviour became more 
stable, and the specimen was some 125 millivolts more 
anodic than the cathode. Prom this point, until the 
termination of the tests at the end of 200 hours, the 
potential trace was steady, without the fluctuations shown 
in the first 1-J- hours, and after less than 60 hours, had 
reached the same potential as that shown by the cathode. 
Therefore, the behaviour of immune materials is most 
easily divided into, two parts - the initial rapid cathodic 
potential change that shows rapid fluctuation about the
average path, followed by the smooth, gradual cathodic 
drift for much the greater part’of the’test.*
The materials that have been shown to have 
inherent susceptibility to s.c.c, , i.e. the iron, Fe-1%IIi 
and Fe-0.5%A1, also show very similar potentiometric 
behaviours, as shown by Figures 57 and 59* The lives of 
these materials under s.c.c. test, in the water-quenched 
condition, is in the order of one hour. Upon initial 
immersion into the s.c.c. environment, they show a 
potential that was 325-350 millivolts anodic to the 
cathode of a similar material. There was a rapid 
cathodic shift in potential during the life of the specimens 
that was accompanied by the fluctuation of potential 
around the average path that was shown in the potentio­
metric behaviour of the immune materials. At the time of 
failure the potential, in all of the alloy compositions, 
had reached a value of about 150 millivolts. At the. 
point of fracture, as indicated by the digital clock in 
the testing circuit, there was a very rapid shift of 
potential in an anodic direction, to give a characteristic 
series of peaks.
The susceptible materials differ from the immune 
materials in that fracture occurred during the period of 
rapid potential fluctuation that was shown when the 
specimen rapidly became more cathodic shortly after 
immersion in the test environment. The potential shown 
at the start of the test, the pattern and extent of 
cathodic movement, were alike in all materials up to the 
point of failure in the susceptible ones.- Fracture 
prevented the second stage occurring, i.e. the stage of 
smooth cathodic drift. Fracture wras a positive event 
and there was no indication of cracking occurring at any 
point before the final anodic peaks that coincided with
the time-to-failure shown by the digital clock. There are 
two possibilities to be considered when looking for anodic 
kicks that could signify cracking at a time before the 
final failure:
(a) the fluctuation about the average potential 
movement was cracking,
(b) the cracking at the earlier stages was slight, 
and its effect was masked by the potential fluctuation, 
this fluctuation being the result of some other process,
The first possibility was thought to be unlikely, 
since the immune materials also shox\red this potential 
fluctuation, and it was concluded that it was possibly due 
to the grain boundary corrosion activity that would be - 
expected to occur in a material regardless of its s.c.c. 
behaviour. If crack formation did occur at this stage, 
the effect on potential would have been masked by the large 
fluctuations.
The other material that was subjected to a series 
of potentiometric/s.c.c. tests was the Fe-1%Mh alloy, that 
had been heat treated by water quenching from 950°C and 
tempered at 500°0 for 2 hours. This material, in this 
condition, is known to give a s.c.c. life in the order of 
10 hours.
kigure 52 shows the potentiometric behaviour of 
thus material when subjected to a s.c.c. test. f. Its. 
potential behaviour showed the same three stages shown by 
the immune end susceptible materials, namely
(1) a rapid cathodic change, accompanded by 
fluctuation about the average path for a period of about
2 hours, unless fracture intervened. Immune, very 
susceptible, and less susceptible materials all show this 
behaviour.
(2) a slow, steady cathodic drift, with few signs 
of sharp potential variation. With immune materials, 
this stage continues indefinitely, but with materials 
showing s.c.c. lives longer than about 2 hours, this stage 
is terminated by
(3) fracture, which is shown in similar form, 
potentiometric ally, by those materials that fail 
immediately after step (1), and by those that fail after 
entering step (2).
A.picture is built up of failure, i.e. the actual 
passage of the crack through the specimen, occurring in 
the final stages of the life of the material, and an 
increase in the time-to-failure that a material, such as 
the Fe~1%Mn alloy, shows with a life of 10 hours, is the 
re sail t of extending the behaviour of the material into 
step (2). There are no signs of cracking before the 
final fracture step, so steps (1) and (2) are probably a 
surface conditioning process that allows the crack 
mechanism (3) eventually to operate.
It wTas decided to examine the potentiometric 
behaviour during conditioning, to attempt to get a clearer 
•understanding of the factors involved in each step.
The potentiometric behaviour of F e - 1 d u r i n g  
some of the "pre-conditioning" treatments investigated 
have been shown in Figures 53-56. It is seen (Figure 53) 
that steps (1) and (2) occurred quite readily at 110°C in 
the absence of stress, and there existed the possibility
that these two steps are the pre-requisites for condition­
ing the alloy surface to allow rapid failure when stress 
was applied. When stress was applied, there was an 
immediate anodic change in the potential, followed by a 
rapid cathodic change which was similar to step (1), 
except that the rapid fluctuation of the potential around 
the average path was not shown, since this had already been 
accomplished in the conditioning period. Failure occurred 
in less than two hours, with the characteristic anodic 
kicks.
When the material was conditioned at room temper­
ature in the absence of applied stress, the potentiometric 
behaviour obtained is shown by Figure 54-. The initial 
cathodic change was still apparent, but the fluctuation 
of potential due, it was supposed, to grain boundary 
att ack, was not apparent. After 15 hours, the material 
was subjected to normal s.c.c. test conditions, and the 
three stages of behaviour previously categorised, occurred 
within 2 hours, terminating in fracture. Thus, it 
appeared that although, conditioning at room temperature 
in the absence of stress had cut the time-to-failure value 
down to 2 hours, each of the three stages eventually 
occurred. However, potential fluctuations were not 
observed during conditioning at room temperature, and the 
pattern also seemed to be independent of stress, both 
these observations being illustrated in Figures 53 and 54*. 
Thus, the fluctuations would appear to be temperature- 
controlled. To confirm this, specimens were conditioned 
at room temperature under stress, and.after 15 hours, the 
heating mantle of the rig was switched on. As the 
temperature of the test solution rose, the change in 
potentiometric behaviour was recorded. The rapid 
potential fluctuations did not occur until the solution was
actually boiling. Therefore, it was concluded that 
rather than being grain boundary corrosion, as suggested 
earlier, the pattern was a function of the boiling action 
of the solution, otherwise it would have made itself 
apparent at a slightly lower temperature. However, there 
remained the question of whether this phenomenon was an 
essential part of the mechanism of surface conditioning 
prior to the s.c.c. failure of a susceptible material*
A series of s.c.c. tests were run at a temperature 
of 100°G, instead of the usual temperature of 110°C, and 
the potentiometric behaviour of the specimens in such a 
test is shown in Figure 56. It is seen that by removing 
the boiling action of the solution, the potential 
fluctuations that were previously thought to be due to 
grain boundary attack, have been removed. In spite of 
this, the material still failed in an average of 11 hours, 
showing that the potential vibration was not an essential 
part of the s.c.c. mechanism. The material otherwise 
behaved in a similar fashion to a material tested in 
boiling solution, showing an initial rapid change in a 
cathodic direction, followed by a period of slow cathodic 
drift. To emphasize this point, a sample of the unalloyed 
iron, when tested at 100°C (Figure 58), showed a similar 
potential change as when tested at 110°C, except that once 
again the potential fluctuation effect had been removed, 
and failure occurred after a similar period regardless of 
that fact.
Thus, the three stages of behaviour that were 
proposed earlier, nowT must omit reference to the effect of 
the boiling action of the solution on the potential trace 
shown by the specimens.
It has "been shown that the difference between a 
material that shows a time to failure value of about one 
hour and a material that shows a value of about 10 hours, 
is that the material with a longer life must spend a 
longer period of time after the initial rapid cathodic 
trend before the fracture mechanism can be triggered off, 
i.e. step (2), becomes a more important factor. Since it 
can be assumed that the attack these materials suffer, 
after the initial total surface reaction has taken place, 
is probably concentrated on the grain boundaries, then a 
material that shows a time-to-failure value of 10 hours 
must require the majority of this time to introduce a 
suitable grain boundary to the environment to trigger off 
the cracking process. This would, therefore, be a 
function of the electrochemical relationship of the grain 
boundary to the grain. The anodic behaviour of the grain 
boundary would be accentuated by the presence of solute 
elements there, and it is notable that the susceptible 
material that requires the greatest length of time under 
corrosion conditions to initiate cracking, is the material 
that has been shown to have a delicate balance of grain 
boundary behaviour with regard to solute location at that 
site, i.e. Fe-1%Mh. Immune materials show the same 
potentiometric behaviour as the Fe-1%ITn, except that no 
amount of time under corrosion conditions will trigger off 
a s.c. crack in these alloys, since the grain boundary 
lacks the requirements for the fracture stage of the total 
failure mechanism.
16. DISCUSSION OF S.C.C. MECHANISMS
The foregoing experiments have shown that the 
s.c.c. behaviour of pure iron base alloys can be forecast 
on the basis of the carbide-forming nature of the addition 
element. These forecasts were made on the effect of the 
direction of movement of interstitial elements resulting 
from the addition element with respect to the grain 
boundaries of the alloy. It was concluded that an 
addition element that inhibits interstitial migration to 
the grain boundaries, also inhibits susceptibility to 
s.c.c., whereas elements that promote grain boundary 
location of interstitials also promote susceptibility to 
s.c.c. The alteration of the behaviour of. susceptible 
materials in an immune direction by the further removal of 
a small amount of interstitials, confirmed-that the prime 
factor was the role of those interstitials.
The series of potentiometric experiments indicated 
that, an increase in s.c.c. life that was'brought about by 
the addition of an element of low carbide-forming power 
(tin), rather than one of a graphitising nature (Ni), was 
the result of an increase in the time under s.c.c. 
conditions before cracking commenced, rather than an 
increase in time for the s.c. crack to traverse the 
specimen. However, metaliographic examination of tested 
specimens showed grain boundary penetration at an inter­
mediate stage in the specimen’s life, and in the inter­
pretation of these results, this has to be borne in mind. 
These experiments clearly showed the similarity in 
potentiometric behaviour between all of the alloys studied. 
The difference between the time to failure values that the 
compositions showed, rested on how far along a similar 
potentiometric plot that material progressed before 
failure, not in any detectable difference in potentiometric
behaviour between immune and susceptible materials#
Thus, any observations upon the possible mechanism 
of s.c.c. in these materials must account for these 
similarities in potentiometric behaviour, whilst attempting 
to explain how, at some stage during this behaviour the 
presence of interstitials at the grain boundaries causes 
susceptibility to s.c.c., and the absence of those inter­
stitials causes immunity.
It is proposed to review established theories of 
s.c.c. in the light of the present results to see if these 
results confirm any of those theories, and have value as 
such. At an earlier stage of this thesis, current schools 
of thought were divided into two groups under the 
headings of "electrochemical" and "Periodic Electrochemical/ 
Mechanical (PEM)" theories, and this review will follow 
that pattern.
16.1. . Electrochemical Mechanism
Such a mechanism seems to be unlikely for the 
alloys under investigation. Assuming that the electro­
chemical differences between susceptible and immune 
materials is such that the potentiometric technique that 
was used was not capable of showing them, then they must 
be of a very small order of magnitude. Logan(66) 
estimated that a potential difference of 160 mv« existed 
between a film-free crack tip and the exterior metal 
surface in similar materials, applied stress providing the 
film rupture necessary to give the anodic areas. No 
differences of a similar magnitude x^ rere found between the 
susceptible and immune materials studied in the present 
programme, and thus it may be concluded- either that all
materials showed such a value as part of their initial 
cathodic movement, or that none of them showed it. In 
either case, such a factor was not part of a distinguishing 
behaviour. The anodic behaviour of grain boundaries and 
cathodic behaviour of grains has been shown by many 
investigators in many susceptible alloy systems, and the 
foregoing observations do not exclude this as being a 
necessary part of the mechanism of s.c.c. failure, but do 
seem to exclude it from being the process of selection 
between immunity and susceptibility.
The possibility of the nucleation of new phases by
the corrosion products generated at the tip of an
(57)advancing crack, as proposed by Vaughan et al. for the 
s.c.c. of austenitic stainless steel, does not seem to have 
an application in the system being examined. Assuming 
that the nature of the corrosion product was sufficiently 
different from one alloy composition to another in this 
alloy series, then it is difficult to accept that there is 
a radical change in corrosion product during the s.c.c. 
testing of an I?e-1%Iin alloy that has been quenched and 
tempered for 11 hours at 200°C, and the same alloy 
tempered for 12 hours at 200°G. In spite of this, there 
is a complete change in s.c.c. behaviour from totally 
immune, in the first case, to failure in about 10 hours, 
in the second case.
Hoar and E i n e s ^ ^  assumed that yielding metal
•was inherently depolarised, and dissolved much more
(57)rapidly than unstrained metal. Hoar and WestWf/ claim 
that, at high strain rates, the resulting anodic 
depolarisation causes dissolution at current densities 
high enough to promote the rapid cracking rates observed 
in s.c.c. These observations would seem to comment on 
the behaviour of a material because it is susceptible,
rather than on the cause of its susceptibility. The same 
argument applies here as in the preceding paragraph, where 
such drastic changes in electrochemical behaviour seem 
unlikely to result from the same treatments that have 
produced drastic changes in s.c.c. behaviour in the alloys 
studied.
The reported variations of the electrochemical 
mechanism all seem to be unlikely when applied to the 
materials under investigation, since most of those theories 
have been based on the study of materials that were 
susceptible inherently, rather than materials showing 
transitions in behaviour and assessing the factors that 
bring about the change in behaviour. Parkins, however, 
did study the transition in behaviour of mild steel, and 
came to the conclusion that susceptibility was caused by 
the presence of cementite at the grain boundaries, 
distorting the neighbouring ferrite and promoting electro­
chemical attack, cementite being cathodic to the strained 
ferrite. Immune material became susceptible when the 
carbide particles were re-distributed from a pearlitic 
pattern to a grain boundary globular arrangement, leading 
to that conclusion. In the materials under study in the 
present programme, the carbon contents are sufficiently 
low that distribution of gross carbide does not enter the 
picture, and it can be assumed that Parkins’ conclusions 
are not applicable but occur as the result of using a too 
complex material for his investigations.
The objections to a totally electrochemical
explanation of the mechanism of s.c.c. failure in these
materials follow those made by the proponents of mechanical/
electrochemical theories, the most outstanding of which
are the inability of an electrochemical mechanism to
(29')explain the high rates of crack propagationv y , and also
the specific-nature of the environments in which s.c.c. is 
found to occur. The specific nature of the environment, 
whilst not ruling out electrochemical action as part of 
the mechanism, implies that there exists an environmental 
factor that controls s.c.c. behaviour that is independent 
of electrochemical behaviour. Since susceptible materials 
can be made to act in an immune fashion by the application 
of cathodic protection, an electrochemical cell mechanism 
is, however, probable at some stage of the failure 
mechanism.
16.2, Periodic Electrochemical/Mechanical Mechanisms.
(59') (60)Keating^ ' and Evansv - proposed a mechanism in
which the propagation of the s.c. crack was said to occur
by the alternate steps of slow corrosion and rapid
mechanical failure on the supposition that there existed
within the alloy a continuous path of mechanical weakness.
Anodic, attack was said to provide a notching effect that
was the starting point for the mechanical failure step.
Any resistance to mechanical failure was removed by
further electrochemical attack. E o r t y ^ ^  extended the
mechanism to transgranular cracking in an enquiry into the
conditions necessary for the propagation of a crack
through a ductile crystal, where it is necessary that the
crack progress is at a faster rate than that at which
dislocations can move away from the crack tip, in order
to prevent plastic deformation. He concluded that, in
the material he studied (a-brass), dislocation movement
is restricted by hardening due to short range ordering,
this alternating with slower steps of embrittlement by
the environment. This mechanism, therefore, requires
that susceptibility to s.c.c. by the PEM mechanism be
limited to those -alloys qn which slip is highly 
restricted, I-Iarwood v J proposed a general theory of 
s.c.c, that envisaged two stages - firstly, a period of 
electrochemical corrosion, and secondly, a stress cracking 
stage by a brittle fracture mechanism.
^6 *3* Stress-Sorption Cracking
In alternative mechanism is proposed by U h l i g ^ ^  
which is given the name of "stress-sorption cracking", and 
envisages chemisorption of the environment (thus 
requiring the specific nature that is a common feature of 
s.c.c.) on to emergent defects at the crack tip with a 
consequent reduction of iron atom affinities. This allows 
the crack to progress rapidly under the applied stress.
In very similar materials to those presently under 
enquiry, Uhlig originated the idea of the need for inter­
stitial atoms being present at the grain boundaries of 
susceptible materials, confirmed by the present work, and 
interpreted the role of the interstitials to be one of 
locking emergent defects in place at the crack tip to - 
provide adsorption sites for the environmental species.
( 79)■ Coleman, Weinstein and Hostokervw/ proposed a 
brittle fracture mechanism of s.c.c. failure, studying 
austenitic stainless steel and an ilg-Al alloy, and 
concluded that the reduction of interfacial energy of the 
crack by the environment is the dominant factor in 
producing brittle behaviour.
Whilst there are many publications concerning 
specific systems and the application of the PEW mechanism 
to those systems, it is believed that the foregoing
represents the major concepts involved, and the behaviour 
of the alloys at present being considered will be 
reviewed with regard to those concepts.
H a r w o o d a n d  Forty^^' provide a link between 
transgranular and intergranular cracking, in that there is 
a common requirement of highly restricted slip producing 
a brittle fracture step. This would appear to be 
directly applicable to the alloys under enquiry, since it 
has been shown that a requirement for susceptibility is 
the presence at grain boundaries of interstitial elements. 
During straining, dislocations will run to the grain 
boundaries where they pile up to provide an area of high 
stress. This pile-up could be relieved by the movement 
of dislocations away from that area, but with the presence 
of interstitial atoms, pinning of the dislocations would 
occur, and the formation of micro-cracks become a 
probability. Ductile behaviour would continue by the 
operation of Prank-Read sources in adjacent grains by the 
stress-field associated with the pile-up. Harwood quotes 
Orowan in pointing out that if the strain energy released 
by an advancing crack is greater than the work needed to 
form a new fracture surface, then the crack will be self- 
propagating, and brittle fracture will result. The 
micro-cracks produced by the restricted slip in these 
alloys conform to the same considerations, and it is 
concluded that under normal conditions of cold work, the 
energy required to propagate the crack surface is greater 
than that associated with the crack tip, since they behave 
in a ductile manner. Uhlig was concerned with the 
adsorption of-the environmental species that cause s.c.c. 
on to the s.c. crack surface to give a reduction in 
adjacent metal atom affinities, and applying this part of 
Uhlig*s theory to the situation, as it is envisaged to 
exist in the present alloys, gives an explanation.of the
propagation of brittle fracture. Such adsorption would 
reduce the energy required to propagate the micro-crack 
surface, the micro-crack would become self-propagating 
and brittle fracture would result.
Harwood proposed an initial period of electro­
chemical corrosion, and the potentiometric work in this 
thesis showed this to be the case. It is envisaged that 
the process whereby alloys show susceptibility is in three 
stages :
(a) The period of electrochemical corrosion on the 
grain boundaries of the material when it is subjected to 
the s.c.c. environment. This electrochemical process can 
be halted by the application of cathodic protection.
The function of this process in the s.c.c. mechanism is to 
introduce the environment on to micro-cracks within the 
material.
o o  Adsorption of ions from the environment on to 
the surfaces of the micro-crack,
(c) A period of brittle fracture, brought about by 
a ductile/brittle transition occurring due to the 
reduction of the energy required to propagate the crack 
surface as the adsorption process occurs.
The environment must,-therefore, be capable of 
fulfilling two functions, i.e. must be capable of intro­
ducing itself into the micro-crack by electrochemical 
corrosion, and having done this, be capable of being 
adsorbed, to allow cracking to occur. With environments 
containing or 0H~ ions, both roles are accomplished,
but that does not mean to say that the first stage could 
not be accomplished by any environment that gives grain 
boundary corrosion - but without an adsorbing species, 
ductile behaviour continues, - When the Fe~1%l!n alloy, 
heat treated to have a s.c.c* life of about 10 hours, was 
pre-test conditioned in the s.c.c. environment, without 
stress, for 15 hours, a time-to-failure value of less than 
two hours was obtained. 'This can be interpreted as the 
result of the stage of electrochemical grain boundary 
penetration, having occurred during conditioning, so that 
the alloy was in a suitable state to allow rapid failure 
when s.c.c. tested.
Potentiometric experiments indicated that 
variation in time-to-failure values was the result of an 
increased period of grain boundary attack being required 
before the brittle fracture stage was triggered off. 
Presumably, the length of time required to operate the 
brittle fracture process depends on how much penetration 
along the grain boundary is required before reaching an 
area of dislocation pile-up. This distance must be 
dependent upon the density of micro-cracks, which In turn 
must be dependent upon the efficiency of dislocation 
entanglement at the grain boundaries of the alloy. This, 
in turn, is linked with how efficiently the material 
locates interstitial atoms at the grain boundaries, and 
this depends, as the work in this thesis has shown, upon 
the nature of the addition element made to the Iron basis. 
With an Fe-T/oOr alloy, it does not happen and the alloy 
is immune; with an Fe-1%Ni alloy, it happens very 
easily, and the material Is very susceptible; with an 
Fe-1%IIn alloy, it is intermediate, and so is the time-to- 
failure value shorn by this alloy.
It is considered likely that the grain boundary 
cracks that are shown by metallography of partially tested 
specimens are the result of grain boundary corrosion, 
rather than of s.c.c. failure, since the potentiometric 
studies of these materials gave no indication of sudden 
cracking at any time prior to actual failure. This impli 
a three-stage failure process, of grain boundary 
penetration, ionic adsorption, followed by complete brittl 
fracture of the material, rather than a cyclic process of 
corrosion and brittle fracture gradually traversing the 
specimen. However, there exists the possibility that the 
cyclic process does occur, but is not shown on the 
potentiometric trace, and that the large anodic peaks that 
correspond with failure are the result of the sudden 
failure of the specimen because of reduced-cross-section 
being unable to withstand the applied load. In either 
case, the observations made upon the requirements for 
susceptibility hold good, with the materials that show 
long time-to-failure values requiring longer times of 
intergranular corrosion between each brittle fracture step 
due to their lower density of micro-cracks.
17. CONCLUSIONS
From the foregoing experiments and discussion, it 
is concluded that the mechanism of s.c.c. failure in the 
pure iron base alloys studied is one of electrochemical 
grain boundary corrosion, leading to the adsorption of an 
environmental ion species on to the surface of micro­
cracks that exist within susceptible materials, allowing 
the propagation of brittle fracture. The addition of 
strong carbide-forming elements to the basis iron results 
in the prevention of formation of micro-cracks, since 
interstitial elements do not migrate to the grain 
boundaries of the material, and thus the situation of 
restricted slip in those regions, that is a requirement 
of susceptibility, does not occur. The presence at the 
grain boundaries of interstitial elements Is the deciding 
factor in s.c.c. behaviour, since all the materials 
examined showed similar electrochemical behaviour.
Many facets of the present research promote 
suggestions for further lines of research. It would be 
very interesting to study the dislocation patterns of 
immune and susceptible alloys by thin film electron 
microscopy, in an attempt to show the link between 
restricted slip in the grain boundary regions and suscept­
ibility. The role of the environment could be examined 
to see if the time-to-failure values of susceptible 
materials could be drastically reduced by-pre-treatment 
in an environment that does not allow s.c.c., but does 
produce grain boundary attack. If this happened, it 
would Indicate that there is a change in function of the 
environment from electrochemical•attack to adsorption, as 
hen been proposed in this thesis. It would be of 
interest to vary the amount of addition element made to
the iron basis, rather than to vary the addition element 
itself, and also to attempt to produce transitional 
behaviour by the use of ternary alloys, where one addition 
element-is a carbide-former and the other a graphitising 
element. There exists the possibility of producing an 
equation similar to that used in assessing hardenahility, 
whereby it would be possible to judge, from the analysis 
of a material, the nature and extent of an addition 
element that would be required to change totally the 
s.c.c. behaviour of the alloy, by the resulting direction 
of movement of the material’s interstitial content. If 
sufficient amounts of alloying addition were made, the 
mechanism of s.c. cracking could be made to change from 
that typical.of carbon steels to that typical of stainless 
steels. This point of overlap, and the factors that 
would cause the material to behave in one way or the 
other, could easily prove to be very valuable in judging 
the mechanisms involved.
TABLE 1
Typical Alloys and Environments 
showing Stress Corrosion
| Alloy | Environment
!. !
Al-base alloys
Mg-base alloys 
Mg-Al-Zn-Mn.
Solutions of NaCl and Ho0ocL £_
Solutions of NaCl. Sea water. *
Water vapour !
Solutions of NaCl and E^CrO^, { 
1^2^30^, E ^ C O ^ , E^SO^.
Solutions of CH^COOH, NaCl,
KC1
Cu-base alloys Ammonia solutions and vapour. 
Amines. Hg Salt solutions.
Low Carbon Steels Solutions of NaOH and Ns^SiO^, 
nitric acid salts, HCN.
Carbon and Low 
Alloy Steels
Stainless steels, 
high chromium
Austenitic stain­
less steels
Aqueous HCN, and those above.
Solutions of HC1 and 
I^S, Sea Water.
Solutions of metal chlorides 
Moist ethyl chloride
Nickel NaOH and EOH solutions at 130°C'
Lead Acetic acid lead salt solutions
I Gold base FeClg solution
~  i (CL
TABLE 2
Annealing Temperatures commonly used to
reduce S.c.c. Susceptibility due to
Internal Stress
Material j Annealing Temp.
1%  alloys | 150 - 170
I    _!    _
A1 and alloys j 220 - 250
Brasses | 280 - 320
■ j-.......... .
:
Carbon, low- and j
!
medium-alloyed !
steels | 600 - 650
  ^   —
Austenitic steels j 800 - 820
TABLE 3 
Analysis of Iron
I : j ' !
%G j %S j %0 I %Si | %S j %P
: ! I l l
°/oFm.
i
%A1
< 0 .0 0 1 |< o .o o i10 .0016 i 0 .003 j 0.003! <0.001 <0.0005 0.001
!
.-.- ..I
: TABLE 4■
The Effect of Quenching and Tempering
on the S.C.C. Behaviour of Iron
Condition S.C.C. Life, IIou]
I
!
i
\
Average of at leas: 
5 results
|  Water quenched after 
I 30 minutes at 950°C
1.1 (0.8-1.3)
Ij
j  W.Q., tempered for
1 30 minutes at 200°C 
1
1.0 (0.7-1.3)
j W.Q., tempered for
i
1 30 minutes at 300°C
i
1.0 (0.8-1.3)
I
........... .....................
-i
1 W.Q,,, tempered for 
; 30 minutes at 4-00 °C
1.0
■
(0.8-1.1)
W.Q., tempered for
! 30 minutes at 500°C
!
» o
i i j
(0.8-1.1)
j
J W.Q., tempered for 
j 30 minutes at 600°C
1.1 (0.9-1.3)
j W.Q., tempered for 
j 30 minutes at 700°Cit
0.9 (0.8-1.1)
ii
l
| W.Q., tempered for 
j 30 minutes at 800°C
.
1.0 (0.7-1.2)
TABLE 5
The Effect of Tempering on the S.C.C.
Behaviour of As Received (80% cold
reduced) Iron
Condition j S.C.C. Life, Hours, 
j Average of at least 
5 results
As received
1—
As received, tempered 
for 30 minutes at 230°C
As received, tempered 
for 30 minutes at 330°C
As received, tempered j 
for 30 minutes at 4-50°C j
As received, tempered 
for 30 minutes at 550°C
As received, tempered 
for 30 minutes at 650°C 1.0
> 200
> 200
> 200
> 200
> 200
(0.8-1.1)
TABLE 6
The Effect of Quenching and Tempering 
on the S.C.C. Behaviour of Iron after 
Further Removal of Interstitials
Condition
! Water Quenched after 
30 minutes at 950°C
S.C.C. Life, Hours. 
Average of at least 
5 results
> 200
W.Q., tempered for 
30 minutes at 200°C
> 200
•
W.Q. , tempered for 
30 minutes at 300°C
;
.
> 200
---- -------------------- --- -...„ .
;
W.Q., tempered for 
30 minutes at 400°C
10 (5-61)
1
i
i
W.Q., tempered for j // oX
* 5 (4-8)
30 minutes at 500 C !
i
\
W.Q., tempered for j ^ 5 (2 5) 
30 minutes at 600°C I
W.Q. , tempered for 
30 minutes at 700°C
1.7 (1.6-1.9)
W.Q., tempered for 
30 minutes at 800°C
1.8 (1.8-1.9)
The Relative Carbide Eorming Tendencies
of some Substitutional Elements*
Tendency
Titanium
Molybdenum
Tungsten
Chromium
Manganese
Iron
Nickel 
Zirconium 
Copper • 
Aluminium 
Silicon
Graphitising
Tendency
Carbide Eorming
*"Practical Metallurgy", G. Sachs and R«R. Van Hoorn, 
p*478. American Society of Metals (194-0),
Analysis of Ee-1%Cr Alloy
TABLE 10
Effect of Quenching and Tempering on
the S.C.C. Behaviour of Ee-1%Cr Alloy
Condition
Water quenched after 
30 minutes at 950°C
W.Q., tempered for 
30 minutes at 200°C
W.Q., tempered for 
30 minutes at 300°C
W.Q,, tempered for 
30 minutes at 400°C
W.Q., tempered for 
30 minutes at 500°C
W»Q., tempered for 
30 minutes at 600°C
W.Q., tempered for 
30 minutes at 700°C
W.Q., tempered for
30 minutes at 800°C
S.C.C. Life, Hours. 
Average of at least 
3 results
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
TABLE 11
The Effect of Tempering on the S.C.C.
Behaviour of As-Received (80% cold
reduced) Ee-1%Cr Alloy
Condition
!
S.C.C. Life, Hours. | 
Average of at least 
5 results
As received > 200
As received, 
tempered for 30 
minutes at 230°C
> 200
j
As received, I
tempered for 30 j > 200
minutes at 330°C j j
! i
! i 
As received, j j
tempered for 30 j > 200
minutes at 4-50°C j
As received, 
tempered for 30 
minutes at 550°C
> 200
A
As received, 
tempered for 30 
minutes at 650°C
i
|
> 200
I\!!
jm
TABLE 12
The Effect of Quenching and Tempering on
the S.C.C. Behaviour of Ee-1%Ni Alloy
Condition
Water Quenched after 
30 minutes at 950°C
W.Q., tempered for 
30 minutes at 200°C
W.Q., tempered for 
30 minutes at 300°C
W.Q., tempered for 
30 minutes at 400 °C
W.Q.., tempered for 
30 minutes at 500 °C
W.Q., tempered for 
30 minutes at 600°C
W.Q., tempered for 
30 minutes at 700°C
S.C.C. Life, Hours. 
Average of at least 
5 results
0.8
0.9
0.8
0.9
0.9
0.9
0.9
r
W.Q., tempered for
30 minutes at 800°C
0.9
(0.7-0.9)
(0.6-1.4)
(0.7-1.0)
(0.8-1.1)
(0.7-1.1) j
-1
(0.8-1.1)
(0.9-1.0)
(0.6-1.0)
»T! /iT}T -rn >1 ^
The Effect of Tempering on the S.C.C.
Behaviour of As-Received (80% cold-
reduced) Fe-1%Ni Alloy
Condition
As received
As received, tempered 
for 30 minutes at 230°C
As received, tempered 
for 30 minutes at 350°C
As received, tempered 
for 30 minutes at 4-50°C
S.C.C. Life, Hours. 
Average of at least j 
5 results
> 200
As received, tempered : 
for '0 minutes at'550°C
As received, tempered 
for 30 minutes at 650°C
> 200
> 200
> 200
> 200
— t
1.2 (0.8-1.7) |
TABLE 14
The Effect of Quenching and Tempering on
the S.C.C. Behaviour of Fe-I^Hi, following
further Removal of Interstitials
Condition S.C.C. Life, Hours. 
Average of at least 
5 results
W,ater Quenched after 
30 minutes at 950°C
W.Q., tempered for 
30 minutes at 200°C
W.Q., tempered for 
30 minutes at 300°C
W.Q., tempered for 
30 minutes at 400°C
W.Q .^  tempered for 
30 minutes at 500°C
W.Q., tempered for 
30 minutes at 600°C
W.Q., tempered for 
30 minutes at 700°C
W.Q., tempered for
30 minutes at 800°C
> 200
> 200
> 200
(5-73)
(3.5-7)
(1.9-2.6)
(2.0-2.3)
(1.3-2.0)
Analysis of 3?e-0*5%Ti Alloy
%Tii %C j % S  | %0 J %Si ! %S %J?
I  ' 1 1 1 !
%Mn
~  " 1 ~ r~  T  ...
0.52 0.002 j<0.001 j 0.002 j0.004-j 0.003 10.001 0.001
CABLE 16 
Analysis of "Fe-0.5%A1 Alloy
% A 1
0.01
Effect of Quenching and. Tempering on
the S.C.C* Behaviour of Fe-0.5%Ti Alloy
Condition ! S.C.C. Life, Hours 
S Average of at least 
I 3 results
Water Quenched after 
30 minutes at 930°0
> 200
W.Q., tempered for 
30 minutes at 200°C
> 200
W.Q., tempered for \ 
30 minutes at 300°C
> 200
— r -
W.Q., tempered for 
30 minutes at 400°C
¥ o Q.., t emp ered for 
30 minutes at 300°C
W.Q. , tendered for j 
30 minutes at 600°C !
> 200
> 200
> 200
W.Q., tempered for 
30 minutes at 700°C
> 200
W.Q. , tempered for
30 minutes at 800°C
> 200
i
- .\
TABLE 18
The Effect of Quenching and Tempering on
the S.C.C. Behaviour of Fe-0.5%A1 Alloy
Condition S.C.C. Life, Hours. 
Average of at least 
5 results
Water Quenched after 
30 minutes at 950°C
W.Q., tempered for 
30 minutes at 200°C
W.Q., tempered for 
30 minutes at 300°C
W .Q ., t empered for 
30 minutes at 400'°C
j ,_
W.Q., tempered for 
30 minutes at 500°C
W.Q., tempered for 
30 minutes at 600°C
W.Q., tempered for 
30 minutes at 700°C
W.Q., tempered for
30 minutes at 800°C
i~T'
1-5
1.5
1.3
1.2
1.4
1.6
1.7
1.2
(1.1-1.6)
(1.4-1.7)
(1.2-1.7)
(1.1-1.6)
(1.0-1.6)
(1.0-1.7)
(1.4-2.1)
(0.8-1.4)
I 'UKJ-m
TABLE 19
The Effect of Quenching and Tempering
on the S.C.C. Behaviour of Fe-0.5%A1
after further Interstitial Removal
Condition S.C.C. Life, Hours.
Average of at least
5 results
Water Quenched after 
30 minutes at 930eC
W.Q., tempered for 
30 minutes at 200°0
W.Q., tempered for 
30 minutes at 300°0
W.Q., tempered for 
30 minutes at 400°0
W.Q. 9 tempered for 
30 minutes at 500°G
W.Q., tempered for 
30 minutes at 600°0
W.Q.9 tempered for 
30 minutes at 700°C
W.Q., tempered for
30 minutes at 800°C
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
—
The Effect of Quenching and Tempering on
the S.O.C. Behaviour of Fe~1%I1n Alloy
r- -
Condition
Water Quenched after 
30 minutes at 950 °C
S.C.C. Life, Hours. 
Average of at least 
5 results
> 200
W.Q., tempered for
W.Q.) tempered for
30 minutes at 800°C
! 115
> 200
30 jiiinutes at 200 °C
W.Q., tempered for 
30 minutes at 300°C
34 (21-103)
W.Q., tempered for 
30 minutes at 400°C
18 (14.21)
W.Q., tempered for 
30 minutes at 500°G 20 (18-21)
W.Q., tempered for 
30 minutes at 600°C
40 (32-43)
W.Q., tempered for 
30 minutes at r/00°G
42 (40-46)
(107-129)
TABLE 22
The Effect of Quenching and Tempering on
the S.C.C. Behaviour of Fe-1%Mn Alloy,
after further Interstitial Removal
Condition j S.C.C. Life, Hours.
! Average of at least
Water Quenched after 
30 minutes at 930°C
W.Q., tempered for 
30 minutes at 200°C
5 results 
> 200
> 200
W.Q., tempered for 
30 minutes at 300 °C
> 200
W.Q., tempered for 
30 minutes at 4-00°C
> 200
W.Q., tempered for 
30 minutes at 500°C
> 200
W.Q. , tempered for 
30 minutes at 600°C
13 (12-28)
W.Q., tempered for 
30 minutes at 700°C
12 (9-13)
W.Q., tempered for 
30 minutes at 800°C
14 (11-17)
TABLE 25
The Effect of Quenching and Tempering at 200°C
on the S.C.C. Behaviour of Ee~T/oiIn Alloy
Condition
Water Quenched after 
30 minutes at 950°C
a , tempered for
30 minutes
W.Q., tempered for 
1 hour
W.Q., tempered for 
5 hours
W.Q., tempered for 
10 hours
W.Q., tempered for 
13 hours
W.Q.-, tempered for 
16 hours
W.Q., tempered for 
20 hours
W.Q., tempered for 
30 hours
W.Q., tempered for 
50 hours
W.Q., tempered for
100 hours
S.C.C. Life, Hours. 
Average of at least 
5 results
> 200
> 200
> 200
> 200
> 200
> 200
8
11
10
(6-21)
(9-13)
(9-13)
11 (10-13)
(6-11)
TABLE 24
The Effect of Quenching and Tempering at 500°C
on the S.C.C. Behaviour of Ee-1%Mn Alloy
Condition j S.C.C* Life, Hours..
| Average of at least 
| 5 results
Water Quenched after 
30 minutes at 950°C
> 200
W.Q., tempered for J (14-73)
10 minutes !
W.Q., tempered for 
15 minutes
W.Q. , tempered for 
30 minutes
W.Q., tempered for
1 hour
W.Q., tempered for
2 hours
T
20
20
18
(15-23)
(18-24)
(12-21)
(5-9)
W.Q. , tempered for 
10 hours
9 (5-11)
W.Q., tempered for 
30 hours
W.Q., tempered for 
100 hours
(4-8)
(7-11)
TABLE 25
The Effect of - Quenching and Tempering at 700°C
on the S.C.C. Behaviour of Ee-1%Mn Alloy
Condition
Water Quenched after 
30 minutes at 950°C
W.Q., tempered for 
10 minutes
W.Q., tempered for 
20 minutes
W.Q., tempered for 
30 minutes
W.Q., tempered for 
1 hour
W.Q., tempered for 
2 hours
W.Q., tempered for 
3 hours
W.Q., tempered for 
5 hours
W.Q. , tempered for 
10 hours
W.Q. , tempered for 
50 hours
W.Q., tempered for
100 hours
S.C.C. Life, Hours. 
Average of at least 
5 results
> 200
17
10
7
(8-19)
(8-11)
(4-11)
8
10
(7-9)
(5-43)
> 200
> 200
> 200
> 200
> 200
TABLE 26
The Effect of Quenching and Tempering at 250°C
on the S.C.C. Behaviour of Ee-l/oWn Alloy
Condition S .C,C. Lif e, Hours. 
Average of at least 
5 results
Water Quenched after 
30 minutes at 950°C, 
then :-
Tempered for 20 
minutes
Tempered for 30 
minut e s
Tempered for 1 hour
Tempered for 2 hours
mempered for 5 hours
> 200
> 200
> 200 
5 (3-28)
9 ( 8- 10)
Tempered for 10 hours i 10 ( 7- 13)
The Effect of Quenching and Tempering at 300 °C
on the S.C.C. Behaviour of Ee-1%Iln Alloy
Condition i S.C.C. Life, Hours. !
! Average of at least |
i 5 results j
Water Quenched after 
30 minutes at 930°C, 
then : -
Tempered for 6 minutes > 200
Tempered for 10 minutes > 200
- Tempered for 15 minutes
■
- .............................. ............ . .. . ............  ... .
75 (41-117)
■
Tempered for 20 minutes 11 (7-14)
Tempered for 1 hour 8 (7-10)
Tempered for 3 hours 10 (7-11)
TABLE 28
The Effect of - Quenching and Tempering at 600°C
on the 8.0.0. Behaviour of Fe-1%Mn Alloy
Condition J S.C.C. Life, Hours.
] Average of at least
5 results
Water Quenched after 
30 minutes at 950°C, 
then :-
I
Tempered for 3 Bouts j 6 (5-7)I
I!
Tempered for 6 hours ! 7 (4— 9)
i 1
Tempered for 10 hours j 6 (4-8)
i t
Tempered for 15 hours 23 (9-61)
Tempered for 20 hours j > 200
i
Tempered for 25 hours j > 200
j
Tempered for 50 hours i > 200
Tempered for 100 hours-
The Effect of Quenching and Tempering at 800°C
on the S.C.C. Behaviour of Fe-1%Mh Alloy
Condition [ S.C.C. Life, Hours.
■ Average of at least
! 5 results
Water Quenched after 
30 minutes at 950°C, 
then
j
rmpered for 15 minutes j 8 (5-10)
Tempered for 30 minutes 9 (5-13)
Tempered for 45 minutes j 11 (9— 27)
Tempered for 1 hour j > 200
Tempered for 2 hours ! > 200
|
i
Temuered for 10 hours ! > 200
Temuered for 50 hours | > 200
Tempered for 100 hours j > 200
TABLE 30
Critical Times and Temperatures used in 
Determination of Activation Energies 
Involved in S.C.C.' Behaviour Transitions
» f ?
Temperature of j Temperature j Time required at j
Heat Treatment j expressed as } Temperature for |
°C j 1/T i 10^°! j Transition
200
i
] ii!
OJ 
1 
OJ 
1
i
14- hours
250
iiiI
1__
■19.1
:
1.5 hours
300 17.5 0.3 hours
600 • . - . •
11.5. 15 hours
700 10.3 2.5 hours
800
■
.
j
9.3 | 0.9 hours
The Effect of Quenching and Tempering at 700°C
on the S.C.C. Behaviour of Iron
Condition j S.C.C. Life, Hours.
] Average of at least
| 5 results
Water Quenched after 
30 minutes at 950°C, 
then :-
Tempered for 1 hour j 1.2 (0.8-1.5)
[■' . i
“Tempered for 5 hours J 0.9 (0.9-1.5) j
Tempered for 10 hours j 1.2 (0.9-1.4-) j
j Tempered for.50 hours j 1.0 (0.9-1•5) I
!      r r |
I Tempered for 100 hours 0.8 (0.6-1.1) i
S ’ ?
TABLE 52
Effect of Prior Deformation on the Grain 
Size of Fe-1%Mn Alloy when Heat Treated 
for 10 Honrs at 690°C
% Deformation Average Grain Size, mm.
8
10
12
15
0.019
0.024
0.027
0*030
0.042
0.070
25 0.033
50 0.025
Effect of Prior Deformation on the Grain 
Size of Ee~1%Mh Alloy when Heat Treated 
for 10 Hours at 690*0, followed by 30 
Minutes at 950°C, Water Quenched.
% Deformation j Average Grain Size,
TABLE 34
Effect of Prior Deformation on the Grain 
Size of Ee-1%Mn Alloy when heated for 10 
Honrs at 690°C, Water Quenched after 30 
Minutes at 950°C, followed by 5 Hours at 
500°C, Air Cooled.
% Deformation I
t
Average Grain Size, mm
*3 ! 0.031
5' ! 0.033
8 i 0.037
10 !
r -.,............. . .  I 0.0 57
12 I 0.063
15 I 0.056
25 I 0.047___
Iijiii
oLA
!
0.038
TABLE 55
The Effect of Variation in Grain Size on
the S.G.C. Behaviour of Ee-1%Mn Alloy-
Prior to testing, the annealed specimens were subject;- 
to the following mechanical and thermal treatments
a) deformed by selected values of reduction.
b) Grain growth treatment of 10 hours at 690°C.
c) Water quenched after 30 minutes at 950°C.
d) Sensitised to s.c.c. by 5 hours at 500°C.
% Deformation jAverage Grain Size I S.C.O. Life, Hours. I 
| | Average of at least
j | 5 results
(94-111)0.031
(67-78)0.036
(43-57)0.057
(66-74)0.068
(14-23)0.056
0.043 (8-17)
1 .
2.
3o
4.
5-
6.
7.
8.
9.
10 *
11.
12.
13.
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